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ABSTRACT
Preparation and characterization of inorganic materials is a crucial practice
because understanding the relationship between structure and property is important for
improving current performance and developing novel materials. Many metal centers in
technologically and industrially important materials are unreceptive low-γ quadrupolar
nuclei (i.e., possessing low natural abundance, low NMR frequencies and large
quadrupole moments) and they usually give rise to very broad NMR resonances and low
signal-to-noise ratios, making it difficult to acquire their solid-state NMR spectra. This
thesis focuses on the characterization of inorganic materials using solid-state NMR
(SSNMR) spectroscopy at very high magnetic field of 21.1 T in combination with
quantum chemical calculations for computational modeling.
In the first part of this thesis,

67

Zn and

microporous materials were reported. The results of

17
67

O SSNMR studies of several

Zn SSNMR studies from several

important metal-organic frameworks (MOFs), in particular, zeolitic imidazolate
frameworks (ZIFs) were presented.

67

Zn SSNMR spectroscopy was used to gain

structural information regarding the desolvation process in MOF-5. Furthermore,

67

Zn

SSNMR spectroscopy were utilized to study the host-guest interactions in ZIF-8 loaded
with different guest molecules. Static

67

Zn SSNMR spectra of microporous zinc

phosphites (ZnP) and zinc phosphates (ZnPO) were also acquired at natural abundance.
The Gaussian calculation results on a model cluster for ZnP indicate that Zn–O bond
length is the most dominant factor to the observed quadrupolar coupling constant (C Q )
among other geometric parameters around Zn centres. The local structures of the
framework oxygen sites in molecular sieve SAPO-34 were directly probed by several 17O
SSNMR techniques. The involvement of water vapor during the SAPO-34 formation in
dry-gel conversion (DGC) synthesis was also investigated.
In the second part, 91Zr and 33S SSNMR spectra of layered zirconium phosphates
(ZrP) and transition metal disulfides (MS 2 ) were obtained. The empirical correlations
between NMR parameters and various structural parameters were used for obtaining
partial structural information in Li+ and Co(NH 3 ) 6 3+ exchanged layered ZrP. For a series

iii

iv
of closely related MS 2 materials, the observed differences in the C Q (33S) values were
rationalized by considering the difference in their geometrical arrangements.
The final part of this thesis featured two examples of SSNMR spectroscopy of
“exotic” nuclei in some interesting inorganic materials. (i) The experimental

135/137

Ba

SSNMR spectroscopy and theoretical studies of β-BBO, an important non-linear optical
(NLO) material, indicate that the true crystal structure of β-BBO is R3c space group
rather than R3. (ii) An ultrahigh field natural abundance
representative

germanium

containing

materials

73

Ge SSNMR study of two

[GeCl 2 •dioxane

and

GePh 4 ]

demonstrated that acquiring 73Ge wideline NMR spectra of germanium compounds where
the Ge experiences an extremely large quadrupolar interaction is feasible and that the
small 73Ge chemical shielding anisotropy (CSA) can be directly measured.

KEYWORDS: unreceptive nuclei, solid-state NMR, QCPMG, ultrahigh field, 2D
layered and 3D framework materials, MOFs, zeolites, microporous materials.
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Chapter 1 General Introduction

In general, inorganic materials have been an important focus of research due to
their contributions to the chemical industry and modern technology.1-3 Microporous
materials (often referred to as molecular sieves) are crystalline open-framework inorganic
materials with regular pores, cavities and channels in the 0.5-2.0 nm size range. These
materials have many current and potential applications in gas separation and storage, ionexchange and catalysis.4,5 The most well-known family of microporous materials are
zeolites (which are aluminosilicates), [Mn+] x/n [AlO 2 ] x [SiO 2 ] 1-x (with M being the metal
cation).6,7 However, the scope of microporous materials has expanded, and is no longer
limited to zeolites; it also includes aluminophosphate (AlPO 4 -n, n denotes a specific
structure type),8 main group-based and transition metal-based phosphate types.9,10 By
replacing Si with P atoms in zeolites, the resulting AlPO 4 -type molecular sieves now
have neutral frameworks and a Al/P ratio of 1.11,12 Moreover, the Al atom in AlPO 4 s can
be four-, five- or six-coordinated, in contrast to the strict occurrence of tetrahedral Al in
zeolites. SAPO-n (silico aluminophosphates),13 MAPO-n (metal aluminophosphates) and
MAPSO-n (metalsilico aluminophosphates) were later synthesized by introducing metals
into the framework in order to modify their chemical properties.9,10 These 3-D framework
structures, except in AlPO 4 s, usually contain negative charges, which are compensated
by exchangeable extra-framework cations. In addition, a large number of main group
metal phosphates (gallium, indium, germanium, tin and zinc) and several transition metal
phosphates (titanium, zirconium, vanadium, molybdenum, iron and cobalt) have also
been synthesized.9,10 The structures of phosphate-based framework materials are
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generally more diverse and complex because they are not necessarily limited to vertexlinked tetrahedral units, and most of these materials have novel framework topologies
different from zeolites and AlPO 4 -based molecular sieves. During the last decade, a new
fascinating family of hybrid organic-inorganic known as metal-organic frameworks
(MOFs) has emerged. The best known examples from such materials include IRMOF-n
(isoreticular MOF)14,15 and ZIF-n (zeolitic imidazolate framework)16,17 series. Due to
their synthesis conditions, the structural complexities and properties of their covalent
precursors are generally retained. This allows the achievement for specific chemical and
physical properties through a highly strategic and predictive synthesis.
In contrast, layered materials include metal chalcogenides (oxides and sulfides),
hydroxides, phosphates/phosphites and niobates series.18-21 They are mainly used for host
for intercalation chemistry (guest species such as alkali metals (Li, Na, K, Rb and Cs),
organic (amines, hydrazines, acid amides, nitrogen-oxides, heterocycles and phosphines)
or organometallic ([M(Cp) 2 ], M=Co and Cr) molecules have been incorporated). The
ability to intercalate guest species makes them useful in many different applications,
including

catalysis,

ion-exchange,

electrodes,

sensors,

ceramics,

lubricants,

semiconductors, electronics and optical devices, and for energy storage. The bonding
within the layers is strong and largely ionic in nature, whereas the interaction between the
layers is much weaker and often described as a van der Waals interaction.
Preparation and characterization of these materials are crucial because
understanding the relationship between their structures and properties is important for
improving their current performance and developing novel materials. In the past, the
structures of most of these materials were generally determined by powder X-ray
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diffraction because they are frequently available only as powders. However, it only
provides limited information compared to single crystal X-ray diffraction. Solid-state
NMR (SSNMR) spectroscopy is a complementary technique to X-ray diffraction for
structural characterization, which provides invaluable information on local environment
around the nucleus of interest.22 Indeed, 1H,

13

C,

27

Al,

29

Si and

31

P MAS NMR spectra

have been used to characterize these materials, but many metal centers in 2D layered and
3D framework materials have not been probed directly by solid-state NMR spectroscopy.
This thesis focuses on the characterization of inorganic materials using SSNMR
spectroscopy in combination with quantum chemical calculations for computational
modeling. SSNMR spectroscopy is a powerful tool used to directly characterize the
bonding and geometry at a nucleus of interest, which provides key information about its
local coordination and electronic environment.22 However, the acquisition of SSNMR
spectra of many unreceptive quadrupolar nuclei of interest can be challenging due to their
unfavorable NMR characteristics. These quadrupolar nuclei are generally termed as
unreceptive low-γ quadrupolar nuclei (i.e., possessing low natural abundance, low NMR
frequencies and large quadrupole moments), and they usually give rise to very broad
resonances and low signal-to-noise ratios. These problems can be alleviated by
performing NMR experiments at a high magnetic field, at which the second-order
quadrupolar broadening is significantly reduced, in tandem with other enhancement
techniques (such as QCPMG and related sequences) in order to improve detection
sensitivity. The aim of this research is to establish SSNMR spectroscopy of these
unreceptive low-γ quadrupolar nuclei as a tool for characterizing any poorly described
structures of the derivatives of layered and microporous materials.

4
1.1 Introduction to Solid-state NMR
Solid-state Nuclear Magnetic Resonance spectroscopy has proven to be a
powerful tool for the analysis of structure and dynamics in solids at the molecular level. It
is commonly used in tandem with other techniques like single X-ray crystallography,
powder X-ray diffraction and ab initio calculations, in order to correlate NMR parameters
with bonding and structure. The NMR parameters of solids are very sensitive to the
changes in the local environment of nuclei and therefore, any changes in bond lengths,
angles and molecular symmetry will have significant effects on NMR spectra. SSNMR
spectroscopy complements crystallographic techniques in structural characterization
since it can be applied to disordered solids (e.g., amorphous solids, glasses, aggregates,
biological samples, etc.).
In solution NMR spectra, sharp, well-resolved peaks are normally observed due to
the fast, isotropic (orientation-independent) molecular tumbling that serves to average the
anisotropic (orientation-dependent) NMR interactions. In solids, anisotropic NMR
interactions generally lead to very broad powder patterns that reduce both resolution and
sensitivity. However, these broad spectra often contain important information about the
local chemical and geometrical environments around the nucleus of interest as well as
dynamics, which is not available from the solution NMR data (averaged out).

1.1.1 A Brief History
The origin of magnetic resonance started almost a century ago with the classic
Stern-Gerlach experiment conducted in 1922 on the deflection of particles, which is often
used to illustrate the basic principles of quantum mechanics.23 Stern and Gerlach made
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the first demonstration of space quantization (i.e., showing that spin angular momentum
can only take on discrete values) and demonstrated that the silver atom had a magnetic
moment (μ). Two years later, Wolfgang Pauli proposed the concept of spin by calling it
“two-valued quantum degree of freedom”. However, it was not until two Dutch
physicists, George E. Uhlenbeck and Samuel A. Goudsmit in 1925 suggested a physical
interpretation of particles spinning around their own axis when they were both credited
for the discovery of an electron spin.24
The phenomenon of nuclear magnetic resonance (NMR) itself was first observed
by Isodore I. Rabi and coworkers using an extended version of Stern-Gerlach apparatus
in a molecular beam of LiCl molecules in 1937 and was proposed as an alternative
method for determining the value of a nuclear spin magnetic moment.25 They showed that
by applying radiofrequency (rf) fields to particles, one can induce a state transition (i.e.,
force the magnetic moment of a particle to go from one state to the other). Although
initial attempts by Gorter at applying the resonance technique to bulk materials failed,26,27
technical improvements led to two research groups observing NMR spectra
simultaneously on bulk materials in early 1945. At Harvard University, Edward M.
Purcell and his students, initially unaware of Gorter’s work, carried out NMR
experiments on solid paraffin.28 While out in the west coast at Stanford University, Felix
Bloch and his students, aware of Gorter’s work, at the same time conducted NMR
experiments on a liquid water sample29 (Purcell and Bloch ended up sharing the 1952
Nobel Prize in Physics for the discovery of NMR in condensed matter).
At the same year, Bloch further explained the basic pulsed NMR experiment
(single pulse or Bloch decay)30 and the mechanism of relaxation time in NMR
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experiments.31 Following that, investigations of dipolar interactions in solids led to the
famous Pake doublet, a characteristic line shape that arises from dipolar coupling
between two spin half nuclei or from transitions in integer spin of quadrupolar nuclei
such as deuterium, which formed the basis of wide-line NMR studies.32 In 1949, Knight
shift was first observed due to conduction of electrons in metals33 and later was extended
to shift in NMR frequency of paramagnetic substances. By 1951, better experimental
resolution allowed for the observation that resonance values were often sampledependent.34-38 This “sample-dependent shift” was later termed as chemical shift (δ),
which is the parameter most often associated with NMR experiments. Ramsey then
described a formalism that arbitrarily decomposes chemical shielding (or shifts) to its
diamagnetic and paramagnetic contribution.39-41
Since then, the discovery of chemical shift and spin-spin coupling42 have made
many chemists realize the enormous potential of NMR spectroscopy. However, most
studies were focused on solution NMR spectroscopy because most of the interesting
information in solids was hidden by strong dipolar broadening. A significant advance in
solid-state NMR spectroscopy came by the introduction of magic-angle spinning (MAS),
which is used to reduce the line broadening of solid-state NMR spectra.43,44 Combined
with other new techniques such as spin echoes (or Hahn-echo),45 cross-polarization
(CP),46

time

averaging,47

Fourier

transformation,48

and

high-power

proton

decoupling,49,50 high-resolution NMR spectra of solid materials were becoming
obtainable by the 1970s. With the advances in hardware technology (e.g.,
superconducting magnets) and the introduction of 2D NMR spectroscopy51 in 1970s,
there was even more information that could be extracted from solid-state NMR spectra.
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Spreading the information into a second frequency dimension allowed all kinds of
interesting correlations to be made and allowed studies of normally forbidden NMR
transitions. In addition, it emphasized that the spins can be manipulated in many different
ways by designing the appropriate pulse sequence.
Since then, there are a lot of modern applications of NMR spectroscopy,
including: (a) identification of organic and inorganic compounds, (b) determination of
chemical reaction mechanisms in organic, inorganic and polymer chemistry, (c)
elucidation of form and functions of proteins, membranes, lipids, enzymes, and
bioinorganic materials, (d) determination of structure and reactivity of solid materials
(polymers, ceramics, wood, glasses, semiconductors, crystals and liquid crystals), and (e)
use of NMR imaging, which was shown by Lauterbur in 1973 how NMR spectroscopy
could be applied to investigate the internal structure of an object by placing it in an
intense magnetic field gradient,52 later called as MRI. Solid-state NMR spectroscopy
itself has now been developed into one of the most powerful techniques for chemists to
obtain information about both structure and dynamic processes in the materials.

1.1.2 Physical Background
Spin is one of the fundamental physical properties of matter alongside mass,
electric charge and magnetism.53 It is the least tangible (i.e., having physical presence)
property with the closest classical analogy describing electrons and nuclei as spinning
like little planets. As the fourth quantum number (aside from n, l, m l ), spin is now
referred to as the magnetic spin quantum number (m s ). Spin is a form of angular
momentum, a quantity all rotating objects have (the right hand rule is the convention used
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to describe the angular momentum vector with respect to the direction of the rotation).
However, the spin angular momentum (S) is not produced by the rotation of the particle
by an external influence (e.g., temperature), nor it is dependent upon the history of the
particle. Instead, it is an intrinsic property of the nucleus.
Atomic nuclei are made of neutrons and protons. Collectively, they are referred to
as nucleons. While the atomic number (Z) of a nucleus describes the number of protons,
the atomic mass number (m) of a nucleus describes the number of nucleons (i.e., neutrons
and protons). Isotopes are nuclei with the same number of protons but a different number
of neutrons (or same Z but different m). There are many ways of counting neutron and
proton spins; however, one spin configuration will yield the ground state nuclear spin.
Although there are no simple rules for predicting the ground state nuclear spin, the
following trend seems to hold (Table 1.1).53
Table 1.1. Predicting the nuclear spin.
Number of protons Number of neutrons

Ground state spin

Even

Even

0

Even

Odd

Half-integer

Odd

Even

Half-integer

Odd

Odd

Integer

Most isotopes have a non-zero nuclear spin; these isotopes are considered as
NMR active. A nucleus which possesses non-zero nuclear spin angular momentum (I)
has an associated nuclear spin magnetic moment (μ), as the two quantities are linearly
related through the gyromagnetic ratio (γ), with μ = γ × I. If the quantities are collinear,
then the γ is positive; if they are antiparallel, γ is negative. When an ensemble of nuclear
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spins experiences a constant external magnetic field (B 0 ), there is no reorientation of the
magnetic moments of the individual spins within the field. Rather, they begin to precess
about the applied field because they have angular momentum. The direction of their
rotation is determined by the sign of the gyromagnetic ratio; positive γ indicates
clockwise precession about B 0 , while negative γ indicates counterclockwise precession
about B 0 .
As is the case with solution NMR spectroscopy, the origin of solid-state NMR
spectroscopy lies in the interactions between nuclear spins (I) and an applied external
magnetic field (B 0 ). However, there are many important nuclear spin interactions,
classified as either external or internal interactions. The external interactions refer to the
interaction of nuclear spins with external magnetic fields (i.e., a large static magnetic
field (B 0 ) and a smaller oscillating field, B 1 ). On the other hand, internal interactions
refer to the interactions among spins. A general Hamiltonian describing the NMR
interaction is given by the following equation:
Hˆ NMR = Hˆ Z + Hˆ CS + Hˆ DD + Hˆ J + Hˆ Q

(1.1)

where Ĥ Z , Ĥ CS , Ĥ DD , Ĥ J , and Ĥ Q describe the Zeeman, chemical shielding, directdipolar coupling, indirect (scalar, J) spin-spin coupling and quadrupolar interactions,
respectively.
In most cases, the high-field approximation is generally utilized to simulate and
explain NMR phenomena, which assumes that the Zeeman interaction is much larger
than all other external and internal interactions, and as such the latter can be treated as
perturbations on the former. Table 1.2 compares the typical magnitudes of all the nuclear
spin interactions in solids and liquids.54,55
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Table 1.2. Typical magnitudes of nuclear spin interactions.
Spin Interactions Magnitude in Solids (Hz) Magnitude in Liquids (Hz)
Zeeman

107 – 109

107 – 109

Chemical Shielding

102 – 105

δ iso

Dipolar

103 – 105

0

Scalar/ J-coupling

1 – 103

1 – 103

Quadrupolar

103 – 107

0

1.1.2.1 Zeeman Interaction
The Zeeman interaction is the interaction between nuclear spins (I) and the
applied external magnetic field (B 0 ). In the absence of the magnetic field, nuclei, on
average, have the same energy (i.e., they are degenerate).56 But in the presence of the
magnetic field (Figure 1.1), the nuclear spin energies become non-degenerate, since
nuclei with different nuclear spin states start to precess about the field axis. For a nucleus
with nuclear spin I, there are 2I + 1 possible energy levels, each associated with a
magnetic nuclear spin quantum number, m I , where m I = +I, +I – 1, +I – 2, …, -I. Note
that the Zeeman interaction is proportional to B 0 ; therefore, higher fields result in larger
energy separations between the two energy levels.
The frequency of precession (the Larmor frequency, ω 0 ) about the applied field
axis for a given nucleus is simply the negative of the product of the gyromagnetic ratio
and applied external magnetic field strength (B 0 ), as ω 0 = - γ × B 0 . The sign of the
Larmor frequency indicates the direction of the spin precession about the magnetic field.
Most nuclei have γ > 0, so the Larmor frequency is negative, which means that the spin
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precession is clockwise looking down the magnetic field vector. Note that ω 0 is in units
of rad s-1, so in order to determine the value in Hz (ν 0 ), this value must be divided by 2π.
Therefore, the energy level difference between adjacent spin states is given by the
following equation:
∆E = hv0 = h ω0 = h γ B0

(1.2)

where γ is the gyromagnetic ratio, h is the reduced Planck's constant (divided by 2π) and
B 0 is the applied external magnetic field.

Figure 1.1. Zeeman interaction for spin-3/2 nucleus with γ > 0 in the presence of magnetic field.

As the energy difference between nuclear spin states increases, the population
differences between energy levels also increase. The ratio of population difference
between energy states is determined by the Boltzmann distribution:
Nβ
Nα

=e

− ∆E
kT

(1.3)
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where N β and N α are the populations of the higher (m I = -½) and lower energy (m I =
+½) levels, respectively, k is the Boltzmann constant and T is the temperature in K. From
this equation, it is obvious that both temperature and magnetic field strength affect the
population distribution. Larger population differences between the two energy levels lead
to better detection sensitivity. However, these population differences between spin states
are relatively small compared to other spectroscopic methods such as UV-Vis and
vibrational spectroscopy, making NMR spectroscopy one of the less sensitive
spectroscopic techniques.
Since the populations of the two levels are not equivalent, there is a net
magnetization (or bulk nuclear spin magnetic moment, M) which can be described by a
vector pointing along B 0 or z-direction. The observation of NMR signal begins by
applying an oscillating rf pulse (the voltage in the coil is turned on and switched off very
quickly, usually in the order of μs) which causes transitions between the different nuclear
spin energy levels. A 90° pulse along x-direction has the effect of tipping the bulk
magnetization vector M from the z-axis of the lab frame into the –y direction. After that,
the magnetization will start precessing around the xy plane (transverse plane) at a
frequency of Ω (ω 0 – ω rf ) for a duration of t. In terms of relative population difference, a
90° pulse will saturate both energy levels, making them equal, which is the desirable
scenario for maximum signal intensity as we detect magnetization in the transverse plane.
Basically, the oscillating electric current induced by the precessing transverse
magnetization is the NMR signal, or free induction decay (FID), which we are more
familiar with.
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The rf pulse produces its own magnetic field (B 1 ), which is considerably smaller
in magnitude than B 0 (kHz vs. MHz scale). The applied rf field oscillates at a frequency
ω rf (rf transmitter frequency) near the Larmor frequency, ω 0 . In the rotating frame,
however, B 1 is stationary and thus has a similar effect on M as B 0 does in the lab frame.
When ω rf = ω 0 (“on-resonance”), the large external field is, in effect, removed
(transformation from the lab frame into the rotating frame has completely removed the
external field), leaving only B 1 to interact with the ensemble of nuclear spins. As a result,
M will precess about the B 1 axis with a frequency of ω 1 (nutation frequency) and for a
duration of rf pulse applied (pulse width, τ p ). The tip angle (how far the magnetization
tips, or how fast it nutates) is dependant upon the strength of B 1 and the pulse length: θ =
τp × γ × B1.

1.1.2.2 Chemical Shielding Interaction
Chemical shielding results from the interaction between nuclear spins and a local
secondary magnetic field.57,58 When a molecule/atom is placed within a strong magnetic
field (B 0 ), electrons are induced to circulate within their orbitals, and certain pairs of
orbitals are induced to mix with one another. These magnetically induced circulation of
electrons and mixing of orbitals result in the production of small local magnetic fields
(very small compared to B 0 , usually in the range of parts per million, or ppm) within the
molecule. This means that the total effective field experienced at the nucleus (Beff) is not
equal to B 0 .
Hence, the phenomenon of chemical shielding (or chemical shifts) arises from the
interaction of the nuclear spin with these small local fields, which serves to increase or
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decrease the Larmor precession frequency, depending upon whether the nucleus is
deshielded or shielded, respectively. The chemical shielding Hamiltonian can be written
as:
Hˆ CS = − γ h IˆZ σ B0

(1.4)

where I z is the z-component of the spin operator, and σ is the chemical shielding tensor,
a 3 × 3 second-rank matrix used to describe chemical shielding anisotropy (CSA). This
chemical shielding (CS) tensor can be diagonalized to yield a tensor with three principle
components in its principle axis system (PAS), such that:
σ
 xx
σ = σ yx

σ zx

σ
σ
σ

xy
yy
zy

σ
σ
σ




yz

zz 

xz

diagonalized
    
→

σ

PAS

σ 11

= 0
 0


0

σ

22

0

0 

0 

σ 33 

(1.5)

The tensor components are ordered such that σ 11 corresponds to the least shielded
component and σ 33 to the most shielded component, i.e., σ 11 ≤ σ 22 ≤ σ 33 . The CS tensor
describes the orientation dependence of chemical shielding, meaning that the shielding of
the nucleus depends on the orientation of the molecule with respect to the magnetic field.
The CS tensor is non-symmetric and also non-traceless (i.e., the sum of the diagonal
components or trace is not equal to 0). From Equation 1.4, it is clear that CSA is
proportional to the external magnetic field, hence larger broadening due to CSA is
expected at higher fields.
Chemical shielding, or chemical magnetic shielding, can be decomposed into two
components according to the formalism of Ramsey,39-41 which are known as the
diamagnetic and paramagnetic contributions, such that: σ total = σ d + σ p . The diamagnetic
shielding arises from the field-induced electron circulation in the ground electronic state
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which creates a local field anti-parallel to the applied field; hence, it is responsible for
shielding the nucleus and gives rise to a negative frequency shift. The paramagnetic
shielding arises from the symmetry-allowed magnetic field induced mixing of molecular
orbitals (MO), which in most cases give rise to a local field that is parallel to the applied
magnetic field, thereby deshielding the nucleus and causing a positive frequency shift.
The chemical shielding scale describes the chemical shielding of a given nucleus
relative to a bare nucleus (e.g., for 31P, P15+ is the bare nucleus); of course, a bare nucleus
of this sort is not a practical experimental standard. For that reason, the chemical shift
values are often cited instead of chemical shielding values. Chemical shift scales are
constructed by assigning an arbitrary shift (usually 0.0 ppm) to a stable reference
compound. All chemical shifts are reported relative to this reference, making the
relationship between chemical shift and chemical shielding scales as follows:

δ iso , sample =

σ iso ,reference − σ iso , sample
≈ σ iso ,reference − σ iso , sample
1 − σ iso ,reference

(1.6)

The approximation in Equation 1.6 generally holds for most nuclei with small to
moderate chemical shift ranges (exceptions include nuclei with enormous chemical shift
ranges like 59Co ~ 17,000 ppm,

195

Pt,

Pb ~ 8,000 ppm, etc.) because σ iso,ref is often a

207

small number compared to 1. If δ > 0, then the nucleus is said to be deshielded relative to
the reference, and if δ < 0, the nucleus is said to be shielded. The tensor components of
chemical shifts are ordered such that δ 11 ≥ δ 22 ≥ δ 33 .
In solution, molecules are rapidly tumbling, which averages the anisotropic
effects of the CS tensor, leading to the observation of sharp peaks. For a single crystal, a
sharp line is observed with its chemical shift corresponding to the orientation of the
crystal with respect to the field B 0 . However, in the solid state (e.g., a powdered
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microcrystalline sample, for instance), molecules are oriented randomly in an infinite
number of possible orientations with respect to the magnetic field. All of the orientationdependant chemical shifts can be seen, and each individual crystallite gives rise to a
discrete frequency, generating a so-called “powder-pattern”.
The shape of the CSA powder pattern depends on the principal components of the
shielding tensor, which vary with the symmetry and structure of the molecule. There are
three parameters in Herzfeld-Berger (HB) convention59 used to describe the CSA which
are derived from the standard convention60 (δ 11 , δ 22 and δ 33 ): isotropic chemical shielding
(δ iso ), span (Ω) and skew (κ).

δ iso =

1
(σ 11 + σ 22 + σ 33 ) = 1 (δ 11 + δ 22 + δ 33 )
3
3

Ω

= σ 33 − σ 11 = δ 11 − δ 33

κ

=

3 (σ iso − σ 22 ) 3 (δ 22 − δ iso )
=
Ω
Ω

(1.7)
(1.8)
(1.9)

The isotropic chemical shift (or shielding), i.e., the center of gravity, is the
average of the three principal chemical shift (or shielding) components, and corresponds
to what is observed in solution NMR spectra. The span is the difference between the most
and the least shielded components, and describes the breadth or width of the powder
pattern. The skew is a measure of the asymmetry of the CS tensor, and it describes the
shape of the powder pattern. The value of κ varies between -1.0 and +1.0 (Figure 1.2). In
the case of axially symmetric tensor, δ 22 equals either δ 11 or δ 33 , hence a skew value of
either -1.0 or +1.0.
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Figure 1.2. Analytical simulations (performed using WSOLIDS software) of theoretical solid-state 13C (I =
1/2) NMR powder patterns under static conditions at 9.4 T (ν 0 = 100.6 MHz, δ iso = 0 ppm). (a) Ω is set to 0
ppm, (b-f) Ω is set to 200 ppm with κ varies as indicated.

1.1.2.3 Direct Dipolar Interaction
The direct dipolar interaction, also known as direct dipole-dipole coupling, is an
interaction between the magnetic moments of the two spins, I and S, through space. The
dipolar interaction increases proportionally to the gyromagnetic ratios of the nuclei
involved, and is inversely proportional to the cube of the internuclear distance between
two nuclei (r IS ). The dipolar coupling constant, R DD , expressed in Hz, is a constant
regardless of the orientation of the molecule in the magnetic field:57
RDD =

µ 0γ I γ S h
3
4π rIS

(1.10)
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The dipolar Hamiltonian can be expanded to include the so-called dipolar
alphabet A, B, C, D, E and F, where A = R DD × (3cos2θ – 1) × I × S, and the terms B – F
can be found elsewhere in the literature (θ refers to the angle between the internuclear
vector and B 0 ).55 Terms A and B are the secular part (time-independent) of the dipolar
Hamiltonian; while terms C to F are the non-secular part, they do not commute with the
Zeeman Hamiltonian and therefore contribute to the energy level only negligibly. The C
to F dipolar terms do not affect, to the first order, the appearance of the spectra but it does
affect the relaxation of the spin system. For heteronuclear spin pairs, only term A is
important; while for homonuclear spin pairs, both term A and B make secular
contribution to the dipolar Hamiltonian.
In solution, the spatial part of the dipolar interaction (3cos2θ – 1) is averaged to
zero due to rapid molecular tumbling and only sharp peaks are observed. No shifts are
observed because the dipolar tensor is traceless; however, the dipolar interaction is of
paramount importance for non-secular effects in solution (i.e., dipolar relaxation). On the
other hand, in solid-state, molecular motions are much more restricted, and therefore the
dipolar interactions are not usually averaged to zero and are orientation dependant.
For a single crystal which has an infinitely repeating unit cell, in the case of
heteronuclear spin pairs, two lines are observed with a separation of R DD × (3cos2θ – 1).
The splitting changes with the angle θ, due to the orientation dependence of the dipolar
interaction. For a powdered sample, frequency shifts arising from all of the different
orientations of the internuclear dipolar vectors are observed at the same time, giving rise
to a powder pattern, known as a Pake doublet.32 The dipolar coupling constant, R DD , and
thus the distance between two nuclei, can be determined by measuring the splitting
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between the two horns in the Pake doublet since they correspond to resonances at θ =
90°. In the case of homonuclear spins, the situation is more complicated; although the
dipolar coupling will still result in two lines, now the separation is 3R DD × (3cos2θ–1) / 2.

Figure 1.3. Analytical simulations of theoretical solid-state
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C (I = 1/2) NMR powder patterns of (a-e)

single crystal at different orientations and (f) powder sample under static conditions at 9.4 T (ν 0 = 100.6
MHz, δ iso = 0 ppm) with 12 kHz of 13C-1H dipolar coupling. For homonuclear spins, separation of two lines
is 3R DD /2 at 90° and 3R DD at 0°.

1.1.2.4 Indirect Spin-Spin Interaction or J-coupling
The indirect spin-spin interaction, better known as J-coupling, is the interaction
between two magnetic dipole moments, I and S, mediated by the electrons in molecular
orbitals that are involved in chemical bonding. Indirect spin-spin coupling between two
spins, I and S, causes a splitting of the peaks in I and S spectra into 2S + 1 and 2I + 1
evenly spaced peaks, respectively.
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J-coupling provides direct information on the nature of the chemical bonds at a
given atom as it is used to establish the connectivities between different nuclei, and its
magnitude is field independent, with values expressed in Hz (not ppm as is usually the
case for chemical shift). J-coupling is typically written as nJ IS or nJ (I,S) where n denotes
the number of bonds that exist between spin I and S. It is very sensitive to the changes in
molecular structure, making it an excellent complimentary structural probe together with
the chemical shift in solution NMR spectra. However, since it is usually much smaller
than other interactions, it is often not considered in solid-state.

1.1.2.5 Quadrupolar Interaction
The quadrupolar interaction is the interaction between the nuclear quadrupole
moment (Q) and the local electric field gradient (EFG) at the nucleus.57,58,61 This
interaction broadens resonances in the NMR spectra of quadrupolar nuclei. As opposed to
spin-½ nuclei which have a spherical charge distribution within the nucleus, in a
quadrupolar nucleus (I > ½) the nuclear charge distribution is asymmetric, giving rise to a
nuclear quadrupole moment (Q) (Figure 1.4). As a result, the nucleus can be pictured as
an ellipsoid, in which the degree of spherical distortion is determined by the magnitude of
Q. The quadrupole moment is therefore a measure of the deviation of the nuclear charge
distribution from spherical symmetry and is an internal property of a nucleus. The nuclear
quadrupolar interaction depends on an internal property (quadrupole moment, eQ
component in Equation 1.11) as well as an external property of the nucleus
(molecular/surrounding environment, eq ZZ component, which results in an EFG).
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Figure 1.4. Charge distribution in (a) spin-½ nuclei and (b) quadrupolar nuclei.

It is important to note that the central transition (CT) of half-integer quadrupolar
nuclei (m = +½ ↔ –½) is unaffected in the first-order by the quadrupolar interaction and
that the value of quadrupole frequency, ω Q , can be determined directly from the spacing
between one of the satellite transitions (STs, either m = –½ ↔ –3/2 or m = +3/2 ↔ +½)
and the CT in a frequency-domain spectrum.

ωQ

=

3 (eQ) (eqZZ )
2 I (2 I − 1) h

(1.11)

As in the case for chemical shielding interaction, a second-rank EFG tensor is
used to describe the quadrupolar interaction and is a traceless, symmetric 3 × 3 matrix. It
can be also diagonalized to determine the principle components of the tensors in its own
PAS. The tensor components are ordered such that |V XX | ≤ |V YY | ≤ |V ZZ |, and they satisfy
V XX + V YY + V ZZ = 0. There are two parameters used to describe the EFG tensor: nuclear
quadrupolar coupling constant (C Q ) and asymmetry parameter (η Q ).

CQ

=

eQVZZ eQ eqZZ
=
h
h

(1.12)

ηQ

=

VXX − VYY
VZZ

(1.13)
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Note that while ω Q is dependent on I, C Q is not. The nuclear quadrupolar
coupling constant (C Q ) is the magnitude of the quadrupolar interaction (expressed in Hz),
which is related to the spherical (polyhedral) symmetry of the molecule. When C Q = 0, it
means that the environment of the nucleus has a perfectly spherical symmetry (i.e.,
tetrahedral, octahedral and cubic). The asymmetry parameter (η Q ), on the other hand,
describes the axial (cylindrical) symmetry of the EFG tensors. It ranges from 0 ≤ η Q ≤ 1.
An η Q value of 0 means that the EFG tensors are axial symmetric (corresponding to a C 3
or higher site symmetry).

Figure 1.5. Analytical simulations of theoretical solid-state
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Al (I = 5/2) NMR powder patterns under

static conditions at 9.4 T, showing only CT (v 0 = 104.4 MHz, δ iso = 0 ppm). If η Q is kept constant (a), C Q
has a pronounced effect upon the breadth of the spectrum, while the shape is fairly consistent; however, if
C Q is kept constant (b), the width of the CT signal varies only slightly and the most significant effect is on
the shape of the pattern.

When the quadrupolar interaction is very small relative to the Zeeman interaction
(ν Q <<< ν 0 ), it can be treated by the first-order perturbation theory. As mentioned before,
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the first-order quadrupolar interaction does not affect the CT. However, it affects the
satellite transitions as they now possess frequencies which depend upon C Q . The
corresponding frequencies of the allowed transitions m ↔ m–1 for the first-order
quadrupolar interaction are given by:

ν Q (1)

νQ

= −(

) [m − 1 ] [3 cos 2 θ − 1 + ηQ sin 2 θ cos 2ϕ ]
2
2

(1.14)

where ν Q is the quadrupole frequency, m is the magnetic quantum number, θ is the angle
between V ZZ and B 0 and φ is the angle between V XX and projection of B 0 on V XX and
V YY plane. From Equation 1.14, it is clear that MAS can average out first-order
quadrupolar interaction as it has the (3cos2θ – 1) term.
In most cases, the quadrupolar interaction can be very large. When the
quadrupolar interaction becomes in the range of the Zeeman interaction (ν Q ~ one-tenth
of ν 0 ), a second-order perturbation theory must be used in order to accurately describe the
observed spectrum, as a first-order approximation is not sufficient. The corresponding
second-order broadening of the CT for half-integer spin quadrupolar nuclei is much more
complicated and it can be found elsewhere in the literature.61 However, in the case of
axially symmetric EFG tensors (η Q = 0), the equation is greatly simplified as follows:

ν Q ( 2)

ν

2

= − ( Q ) [ I ( I + 1) − 3 ] (1 − cos 2 θ )(9 cos 2 θ − 1)
4
16ν 0

(1.15)

where ν 0 is the Larmor frequency and I is the spin quantum number. Note that the
second-order quadrupolar interaction is inversely proportional to the Larmor frequency.
Therefore, higher field minimizes the effects of second-order quadrupolar interaction.
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Figure 1.6. Energy level diagram of a spin 5/2 nucleus, showing the splitting due to the Zeeman
interaction, then perturbed to 1st- and 2nd-order by the quadrupolar interaction. After reference 62.

Figure 1.6 shows the energy diagram of a spin 5/2 nucleus, showing the splitting
due to the Zeeman interaction and then perturbed to first- and second- order by the
quadrupolar interaction.62 In many cases, satellite transitions may be difficult, if not
impossible to observe due to their much lower intensity and broadness of the powder
pattern (Figure 1.7). However, one may still determine C Q and η Q through analysis of the
CT and this is important as only the CT is usually observable.
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Figure 1.7. Analytical simulations of theoretical solid-state
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Al (I = 5/2) NMR powder patterns under

static conditions at 9.4 T, showing both CT and STs (v 0 = 104.4 MHz, δ iso = 0 ppm, C Q = 3.0 MHz). Note
how CT is very narrow compared to the STs (CT spans ~ 10 kHz, while each ST has about 0.8-1.3 MHz
width range).

NMR spectra which are acquired from stationary samples are referred to as static
spectra. Static spectra of quadrupolar nuclei are commonly affected by CSA and the
second-order quadrupolar interaction. Very complicated spectra can arise from the
presence of CSA and EFG, since the appearance of the static powder pattern depends on
both EFG and CS tensor parameters, as well as their relative orientation. The principle
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effect of CSA on static spectra is to broaden the lineshape and affect the location of
discontinuities.
When examining static powder patterns, the relative orientation of the CS and
EFG tensors must be taken into account. Their relative orientation is described by three
Euler angles: α, β, and γ (0 ≤ α ≤ 2π; 0 ≤ β ≤ π, β is the angle between δ 33 and V ZZ ; 0 ≤ γ
≤ 2π) which specify the angle of mathematically positive (or counter-clockwise) rotation
about axes which are related to an arbitrarily chosen origin frame. There are a few
different conventions or definitions for Euler angles in NMR textbooks and literature,
however, the most common one being the so called “z-y-z” Rose convention63 (also
termed as passive rotations by Schmidt-Rohr and Spiess64), is used throughout this work.
These Euler angles describe the rotations necessary to have the two tensors coincide. If
the CS tensor is non-coincident with the EFG tensor, then any Euler angle will be nonzero and may complicate the spectra.
It should also be noted that the chemical shielding and quadrupolar interactions
are field dependent. Broadening due to the CSA interaction generally scales
proportionally with the magnetic field, while broadening from the quadrupolar interaction
is inversely proportional to the field strength. Thus, to accurately measure CS parameters
it is necessary to acquire static spectra at two different fields. EFG parameters can be
obtained from the MAS spectrum as the second-order effects are responsible for spectral
line shape and do not require the use of a second field.

1.1.3 Experimental Background
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1.1.3.1 Low-γ Quadrupolar Nuclei
73% of the NMR-active isotopes in the periodic table are quadrupolar nuclei.
Quadrupolar nuclei are most commonly half-integer (non-integer), although there are a
few examples of integer nuclei that include 2H (I = 1), 6Li (I = 1), 14N (I = 1) and 10B (I =
3). Most of them represent a challenge in routine NMR experiments, due to their large
quadrupolar interactions and low receptivities.

Table 1.3. Nuclear properties of all the unreceptive NMR isotopes studied in this thesis.
Spin
N.A.
Q
γ (× 107 rad ν 0 (MHz) ν 0 (MHz)
Isotope
(I)
(%)
(barn)
T-1 s-1)
at 9.4 T
at 21.1 T
17

O

5/2

0.04

-0.0256

-3.628

54.3

122.1

S

3/2

0.76

-0.0678

2.055

30.7

69.1

67

Zn

5/2

4.10

0.150

1.677

25.1

56.4

73

Ge

9/2

7.73

-0.196

-0.936

13.9

31.3

5/2

11.22

-0.176

-2.497

37.1

83.5

135

3/2

6.59

0.160

2.675

39.7

89.3

137

3/2

11.32

0.245

2.993

44.4

100.0
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91

Zr
Ba
Ba

These half-integer quadrupolar nuclei with moderate to large quadrupole
moments (Q) interact with the EFG at the nucleus, resulting in broad powder patterns.
Furthermore, many of these nuclei have low natural abundances (N.A.) and low
gyromagnetic ratios (γ), which severely reduce the detection sensitivity.
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1.1.3.2 Resolution Enhancement
There are several ways to increase the resolution in solid-state NMR spectra,
some of which are relevant to this work. These techniques are particularly useful when
dealing with more than one chemically or crystallographically inequivalent site as they
can overlap with one another. They will be discussed in the following section briefly.

1.1.3.2.1 Magic-Angle Spinning (MAS) Experiments
In solution, rapid molecular tumbling leads to an averaging of chemical shielding,
dipolar and first-order quadrupolar interaction, resulting in the observation of isotropic
chemical shifts as sharp resonances. However, in solids, molecules do not isotropically
reorient. Solid-state spectra are normally acquired from powdered samples, which have
many crystallites in all possible orientations with respect to the external magnetic field,
resulting in broad powder patterns whose lineshapes are dependant upon the anisotropic
CS, quadrupolar and dipolar interactions.
In order to narrow these broad powder patterns, the magic-angle spinning (MAS)
technique is used. This involves a fast spinning of the sample, with frequencies on the
order of kHz, with the sample rotation axis aligned at an angle of 54.74° (Figure 1.8a)
with respect to the external magnetic field (the so-called “magic-angle”). To completely
average the anisotropic interactions, the spinning speed of the sample has to be greater
than the order of the magnitude of the anisotropy in Hz. At finite spinning speed, sample
rotation modulates all these interactions and often creates rotational spin echoes in the
time-domain signals (Figure 1.8b), which give rise to spinning sidebands in the
corresponding frequency-domain spectrum. These spinning sidebands flank the isotropic
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peak, which remains invariant in position regardless of spinning speed, and are separated
by a distance equal to the spinning speed in Hz.

Figure 1.8. (a) Schematic diagram of a rotor that is aligned at the magic-angle w.r.t. B 0 in MAS
experiments. (b) Example of rotational spin echoes in the time-domain signals.

As mentioned before, a number of different NMR interactions, such as chemical
shielding, dipolar and first-order quadrupolar interactions, have essentially the same
spatial orientational dependance of (3cos2θ-1), where θ is the angle between the
internuclear vector and the magnetic field B 0 . When θ = 54.74°, the term (3cos2θ-1) = 0
and the spatial dependencies are averaged out to 0, resulting in significant line narrowing
in NMR spectra (Figure 1.9). Most conventional SSNMR probes can reach sample
rotation frequencies at approximately 10–20 kHz, although a number of specialized
probes can rotate a sample at frequencies up to 70 kHz.
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Figure 1.9. Analytical simulations illustrating the effect of MAS on CSA-dominated (a-d) and
quadrupolar-dominated (e-f) spectra. The low resolution static powder pattern that is produced as a result of
CSA (a, Ω = 200 ppm), is partitioned into the isotropic peak plus a number of spinning sidebands (b-c),
assuming MAS conditions and ν rot < Ω. The sidebands flank the isotropic peak at integer multiples of ν rot
(highlighted in (c)). When ν rot >> Ω, a solution-like peak is observed (d). In quadrupolar-dominated spectra
(e.g., I = 5/2, 27Al), MAS will only narrow the central transition powder pattern by a factor of ca. 2 or 3 (f).

On the other hand, the second-order quadrupolar broadening has a more
complicated angular dependance term. In addition to the second-order Legendre
polynomial (also has the (3cos2θ-1) angular term and hence can be averaged under MAS
condition), the fourth-order Legendre polynomial contains (35cos4θ – 30cos2θ + 3)
angular term. Hence, spinning the sample at any single angle will not average out 2nd
order quadrupolar anisotropies completely (see Figure 1.9f). At the magic-angle, the
second-order Legendre polynomial vanishes (i.e., equal to 0), while the fourth-rank one is
scaled to a value of -0.389. This means that 2nd order quadrupolar broadening, though
reduced, is not completely removed by MAS, and thus producing spectra that are about 2
to 3 times narrower than static spectra. In addition, under fast MAS, 2nd order
quadrupolar interaction broadens the MAS spectra and shifts the position of both CT and
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STs towards their respective center of gravity, creating the so-called second-order
quadrupolar shift, in addition to the isotropic chemical shift.
The following section discusses a few techniques that can remove the secondorder quadrupolar broadening: DAS, DOR, MQMAS and STMAS.

1.1.3.2.2 Dynamic-Angle Spinning (DAS)
DAS was first introduced in 1988.65 Similar to MAS, DAS experiment involves
mechanical rotation of the samples. Instead of spinning the sample at one angle in the
MAS experiment, DAS experiment requires spinning the sample at two complementary
angles (first angle at 37.38°, and then flipped to a new axis at an angle of 79.18°). For
this reason, this technique is not easy to implement and requires a specialized NMR
probe.

1.1.3.2.3 Double-Rotation (DOR)
DOR was introduced by Ago Samoson also in 1988, around the same time as
DAS.66 Similar to DAS, it involves mechanical rotation of the sample about the two
different angles. However in DOR, the sample is spun simultaneously at two angles (one
at an angle of 54.74° for the larger outer rotor and the other one at an angle of 30.56° (or
70.12°) for the smaller inner rotor, resulting in removal of second-order quadrupolar
broadening). For the same reason as DAS experiments, DOR experiments also require a
sophisticated NMR probe.
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1.1.3.2.4 Multiple-Quantum MAS (MQMAS)
In 1995, Frydman and co-workers developed a new technique called multiplequantum magic-angle spinning (MQMAS),67,68 which is much easier to apply than DAS
and DOR experiments; but at the same time can still achieve high-resolution NMR
spectra for quadrupolar nuclei. A year after it was first introduced, the concept was
expanded,69 and since then, solid-state NMR studies of quadrupolar nuclei have been
dramatically accelerated. The fundamentals and principles of MQMAS have been
reviewed thoroughly,70-72 including their practical comparisons to different methods.73-75
In addition to the central transition, all the odd-order multiple quantum (MQ)
transitions (e.g., 3Q, 5Q, 7Q, etc.) are also not affected by the 1st order quadrupolar
interaction. The symmetrical MQ transitions (+m ↔ –m, Δm = 3, 5, 7, etc.) are not

directly observable; however they can be observed indirectly if the MQ coherence is
converted back to the observable single (1Q) coherence.

Figure 1.10 shows both the pulse sequence and coherence transfer pathways of
the z-filter MQMAS experiment for a spin 5/2 quadrupolar nucleus.72,76 The z-filter
approach makes the coherence transfer pathways of both echo and anti-echo signals
symmetric and also acquires both signals with the same intensity. It is an amplitudemodulated sequence, therefore giving a pure absorption 2D lineshape. This scheme also
ensures a pure cosine modulation along the indirect dimension. The first 3π/2 “hard”
pulse (at higher power level) excites the initial equilibrium polarization into higher order
MQ coherences. During τ 1 , the MQ evolves under 2nd order quadrupolar interaction and it
allows the observation of the anti-echo signal. The second π/2 “hard” pulse (or a mixing
pulse) transfers the ± m coherences back into 0Q coherence. Finally, the additional π/2
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Figure 1.10. Pulse sequence (a) and coherence transfer pathways (b) of the z-filter multiple quantum
magic-angle spinning (MQMAS) experiment. The echo and anti-echo amplitude have the same sign. The
echo pathway is 0Q  3Q  0Q  -1Q, while the anti-echo pathway is 0Q  -3Q  0Q  -1Q.

“soft” or z-filter pulse creates the observable magnetization (m = -1 coherence).
MQMAS experiments are by nature 2D experiments with both MAS (direct or
F 2 ) and isotropic (high-resolution or indirect or F 1 ) dimensions on the x- and y-axis,
respectively. MQMAS experiments can separate the contributions of isotropic chemical
and quadrupolar shifts for different chemical sites in a powdered sample. It is important
to note than there are a few limitations of MQMAS NMR spectra. One of which is low
sensitivity, which results in a long experimental time. Another is the fact that it is not a
quantitative method of analysis. When a sample possesses sites with widely different
quadrupolar coupling constant values, the strongly coupled sites can lead to much smaller
spectral peak intensities than would be expected based on crystallography. However, this
limitation can in principle be alleviated by combining MQMAS and regular MAS. Doing
a best fit on MAS spectra with quadrupolar parameters already extracted from MQMAS
spectra can further extract the relative intensities of the different sites.
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1.1.3.2.5 Satellite Transition MAS (STMAS)
STMAS was later introduced by Gan in early 2000.77,78 It is also a 2D experiment
with the correlation generating coherence transfer echoes and isotropic NMR spectra. It is
in a way similar to MQMAS method, but it has a higher efficiency because coherence
transfers occur on the single quantum levels only. However, STMAS requires much more
strict experimental conditions in order to obtain reliable spectrum, hence not practical.

1.1.3.3 Sensitivity Enhancement
Besides increasing resolution, one can obtain better quality solid-state NMR
spectra by increasing its detection sensitivity. The following section discusses several
ways to achieve such enhancement.

1.1.3.3.1 High Magnetic Field
As previously mentioned, both chemical shielding and quadrupolar interactions
are field-dependent (Figure 1.11). Performing NMR experiments at the highest field
available is generally desirable as it reduces the effect of 2nd order quadrupolar
broadening and increases the Boltzmann population difference of the CT, leading to an
improved sensitivity. In addition, for quadrupolar nuclei, the CS tensor parameters often
cannot be accurately extracted from the spectrum acquired at low- and moderate-field
strength. In many cases, small CSA cannot be directly measured at all. This is due to the
fact that when the large quadrupolar interaction dominates, the small CSA cannot
manifest itself in the spectrum. However, this problem can be significantly alleviated by
working at very high field as the 2nd order quadrupolar interaction scales inversely with
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Figure 1.11. Analytical simulations of theoretical solid-state

23

Na (I = 3/2) NMR powder patterns under

static conditions at three different magnetic fields, showing CT only (C Q = 3.5 MHz, η Q = 0, δ iso = 0 ppm,
Ω = 50 ppm, κ = -1). (a) Contribution from both Q and CSA. (b) Contribution from Q only. (c)
Contribution for CSA only.

field strength and CS interaction is proportional to the magnetic field strength.

1.1.3.3.2 Quadrupolar Carr-Purcell-Meiboom-Gill Pulse Sequence
When conducting SSNMR experiments upon quadrupolar nuclei, the time-domain
signal will become decoherent (a T 2 * decay) relatively quickly due to the quadrupolar
relaxation mechanism. A traditional solution to this problem is found by applying the
Hahn-echo (or spin echo) pulse sequence [when π/2-π/2 pulses are used instead of π/2-π
in Hahn-echo, the sequence is called quadrupolar echo (or solid echo)].45 Spin echoes are
useful to observe the quickly decaying signal of half integer quadrupolar nuclei by using
a π-pulse which refocuses the magnetization in the xy plane. In addition, it is also used for
measuring T 2 time constant (transverse or spin-spin relaxation time). However, due to the
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low receptivity of some quadrupolar nuclei and because of the broadening of the solidstate NMR spectra, a very large number of transients are required to obtain a reasonable
signal to noise ratio.
Early attempts to observe solid-state NMR spectra of low-γ half-integer
quadrupolar nuclei were very difficult due to their inherent low sensitivity and severe
probe ringing artifacts. The Carr-Purcell Meiboom-Gill (CPMG) sequence was developed
in the late 1950s and is a modified version of the Hahn-echo pulse sequence that includes
additional acquisition and delay portions.79,80 It was initially used to measure T 2 values
and address problems such as homonuclear dipolar coupling and molecular dynamics.
However, it is now used as a sensitivity enhancement technique to rapidly and efficiently
acquire wideline NMR spectra of half-integer quadrupolar nuclei under static or MAS
conditions.81,82 The sequence increases sensitivity if the sample has a long T 2 decay, and
enhances sensitivity by acquiring what is called as a “train” of system response echoes
(the number of which is determined by the number of Meiboom-Gill (MG) loops, or N),
as opposed to just a single echo as is the case with the Hahn-Echo experiment.
Figure 1.12a shows the quadrupolar Carr-Purcell Meiboom-Gill (QCPMG) pulse
sequence. The first part of the sequence is a regular Hahn-echo with the τ 2 (preacquisition delay) being adjusted so that the acquisition starts at the echo maximum. τ 1 is
an interpulse delay between initial π/2 and π pulses. The second part is the N-repeated
unit consisting of a CT selective π refocusing pulse followed by sampling of the echo for
a period of τ a . Both τ 3 and τ 4 are delays which sandwich each π pulse in the MG loop to
prevent breakthrough pulses.
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Figure 1.12. (a) The QCPMG sequence is a modified Hahn-echo experiment that includes additional delay
(τ 3 , τ 4 ) and acquisition periods. The portion inside the brackets is called a Meiboom-Gill (MG) loop and is
repeated N times. (b) Qualitative illustration of Hahn-echo and QCPMG system responses in the timedomain. The Hahn-echo sequence collects only a single system response (one T 2 * decay), while the
QCPMG sequence collects several (as seen by the numerous spikelets; the train of echos is one T 2 decay).

The QCPMG pulse sequence splits the normal static Hahn-echo spectrum, which
would be obtained if only the first echo were acquired, into a manifold of “spikelets”
separated by 1/τ a . The separation between the spikelets may be adjusted by changing the
interpulse acquisition period τ a . In practice, this is achieved by modifying the echo size,
the increments of which each echo will appear in the time-domain spectrum. The smaller
the spikelet separations are for a given broad pattern, the better resolution one can obtain.
However, the longer the experimental time is also needed to get the same S/N. If a
sufficient number of spikelets are acquired, i.e., a proper τ a is chosen, the QCPMG
experiments will give a pattern that resembles to that of the Hahn-echo experiment.
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Therefore, by simulating the QCPMG spectrum, NMR parameters can be extracted. Since
the signal intensity is distributed among the limited number of spikelets, a considerable
increase in the overall sensitivity is achieved (up to an order of magnitude or more). The
maximum gain in S/N is dependent upon the number of echoes that can be acquired in
each scan, which in turn depends primarily on T 2 , the transverse relaxation time. For a
given T 2 time of a particular sample, the more echoes acquired (N), the better S/N one
obtains.
To compensate for the limited excitation bandwidth of regular rf pulses, fieldsweeping involves acquiring the spectrum in a piecewise fashion with constant
transmitter frequency and a variation of B 0 , similar to original continuous-wave NMR
spectroscopy methods. Analogous to this method is frequency-stepping, where B 0
remains constant but the transmitter frequency is varied in even increments. The final
spectrum is generated either by projecting or co-adding each Fourier transformed subspectrum. The frequency step size (or offset), however, must be chosen to produce a net
excitation profile that is uniform across the linewidth. The frequency-stepping method is
time-consuming and inconvenient as one has to constantly change the transmitter
frequency between each acquisition along with optimizing the tuning and matching
conditions of the probe. Two methods have been proposed that allow full excitation of
wideline spectra without any field or transmitter frequency adjustment; (i) the use of
microcoils,83 capable of delivering rf fields up to MHz regime although only small
quantities of sample may be used (typically a few mgs) and (ii) adiabatic pulses.84,85
These two methods have been successfully used to obtain ultra-wideline SSNMR spectra
of quadrupolar nuclei.86
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1.1.3.3.3 Additional Enhancement Sequences
Several preparative pulse sequences (including double-frequency sweeps
(DFS),87,88 rotor-assisted population transfer (RAPT),89 hyperbolic secant (HS)90 πinversion pulses and wideband uniform-rate smooth truncation (WURST)91,92) may be
used to further enhance sensitivity when used in tandem with QCPMG or Hahn-echo. All
these signal enhancement and their related sequences have been successfully used to
study low-γ quadrupolar metal nuclei including

25

Mg,

39

K,

47/49

Ti,

67

Zn,

87

Sr and 91Zr in

their natural abundances.93,94
The double-frequency sweep (DFS) pulse sequence involves manipulation of the
nuclear spin state populations.87,88 DFS inverts the ST populations (N m=±1/2 ↔ N m=±3/2 )
through the use of weak radiofrequency fields and/or fast sweep rates (i.e., adiabatic
frequency sweeps) prior to the Hahn-echo portion of the sequence. DFS is more time
consuming to optimize experimentally as one requires a prior knowledge of the powder
pattern width, but offers additional sensitivity gains (proportional to 2I) compared to
regular Hahn-echo or QCPMG.
The pulse sequence for rotor-assisted population-transfer (RAPT) is a train of
repeating pulses, followed by a short delay period (τ RAPT ) and the Hahn-echo sequence.89
RAPT must be run under MAS conditions and will enhance the sensitivity by a maximum
factor of (I + ½). The enhancement is due to the adiabatic motion of the rotor resulting in
coherence transfers as these rotor-synchronized, amplitude-modulated phases saturate the
ST (N m=±1/2 = N m=±3/2 ), leading to increased magnetization associated with CT.
The HS π-inversion pulse (sechinv) was first developed to provide highly
selective, low-power π-pulse in magnetic resonance imaging investigations.90 It has
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become an invaluable tool as a broadband magnetization inverter in solution NMR due to
its relatively broad excitation inversion profile and insensitivity to power levels. Similar
to DFS, HS pulses invert the ST populations and offer additional sensitivity gain
proportional to 2I. However, HS pulses are fairly independent of the rf field strength as
long as the minimum strength required for the chosen bandwidth is achieved. The
experiments are easier to optimize as they are relatively insensitive to the value of C Q .
The original adiabatic pulses95,96 were introduced in 1995 (the mechanism is
described in detail elsewhere84,85). After being used by Frydman in a frequency-swept
echo pulse (referred to as WURST-echo),91 Schurko et al. modified it with a MG loop
placed around the refocusing pulse and acquisition period to generate the WURSTQCPMG sequence.92 The WURST sequence exploits the usage of adiabatic pulse which
can generate a much broader excitation profile bandwidth compared to standard rf pulse
(i.e., square vs. linear function of rf amplitude). As a result, the experimental time will be
shorter due to fewer pieces needed to obtain the full spectra.

Figure 1.13. Comparison between (a) QCPMG and (b) WURST-QCPMG pulse sequence.

41
Figure 1.13 shows a comparison between regular QCPMG and WURST-QCPMG
pulse sequence. The first WURST pulse is an excitation pulse whose frequency is swept
adiabatically between positive and negative offset frequencies at a constant rate, R exc .
The second one acts as refocusing pulse, R ref , swept at a constant rate between positive
and negative offset. P 1 and P 2 are pulse lengths, which are normally set to 50 µs (soft
pulses) so that the sweep rates R exc and R ref are identical, therefore yielding frequency
dispersed echoes. τ 2 and τ 3 are delays to allow the rf circuitry to switch between
transmission and acquisition modes. τ 4 is the echo time which determines the separation
between echoes (or echo size) and thus the spikelets separations in the corresponding
frequency-domain spectra. Notice the sausage-like shape of the WURST pulse, which is
the amplitude profile of a stretched adiabatic pulse. In general, the squarer the shoulders
are, the wider the effective inversion profile is.
In the last few years, WURST-QCPMG has become a routine experiment for
acquiring wideline or ultra-wideline SSNMR spectra under static or MAS conditions in
low-γ quadrupolar nuclei.97-100

1.2 Outline of this thesis
This thesis can be divided into three parts. Part I (Chapter 2-4) contains 67Zn and
17

O SSNMR studies of several microporous materials. In Chapter 2, the results of

67

Zn

SSNMR studies from several important metal-organic frameworks (MOFs), in particular,
ZIF-8, ZIF-14, ZIF-4 and ZIF-7 were presented.

67

Zn SSNMR spectroscopy was then

used to gain structural information regarding the desolvation process in MOF-5.
Furthermore,

67

Zn SSNMR spectroscopy were utilized to study the host-guest
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interactions in ZIF-8 loaded with water and benzene. Chapter 3 is similar to Chapter 2 in
which we used

67

Zn SSNMR spectroscopy, but now in several representative

microporous zinc phosphites (ZnHPO 3 -CJ1, NTHU-5, ZnHPO 3 -CN 3 H 6 , ZnHPO 3 -PIP
and ZnHPO 3 -DMPIP) and zinc phosphate (ZnPO-Li-ABW). Observation of natural
abundance solid-state

67

Zn wide-line NMR spectra of Zn-containing microporous

materials with relatively low Zn concentrations is feasible at very high magnetic fields.
Finally, Chapter 4 contains

17

O SSNMR studies of trigonal SAPO-34 molecular sieve.

The local environments of framework oxygen sites were first characterized by a
combination of 17O MAS, 3QMAS and several dipolar-coupling-based double-resonance
techniques. Then, the involvement of water vapor during the SAPO-34 formation in drygel conversion (DGC) synthesis was also investigated by monitoring the

17

O

incorporation at various stages of crystallization.
Part II (Chapter 5-6) focuses on inorganic layered materials. Chapter 5 includes
91

Zr SSNMR studies of representative ion-exchanged/intercalated derivatives (K+-, Li+-,

Co(NH 3 ) 6 3+-) of α-ZrP and several novel layered and 3D framework zirconium
phosphates (ZrPO 4 -DES8, ZrPO 4 -DES1, ZrPO 4 -DES2, ZrPOF-pyr, ZrPOF-Q1, ZrPOFEA and ZrPOF-DEA). In Chapter 6, the local environments around sulfur centers within
layered transition metal disulfides (MS 2 : M = Mo, W, Zr, Ti and Ta) were studied using
33

S SSNMR spectroscopy.
Part III (Chapter 7-8) features two examples of SSNMR spectroscopy in some

interesting inorganic materials. Chapter 7 describes how we have directly probed the
local Ba environment in β-Barium Borate (β-BBO), an important nonlinear optical
material, by acquiring static

135/137

Ba SSNMR spectra at ultrahigh field. Combining the

43
experimental and theoretical results allow us to shed some light on the controversy
regarding the true space group of β-BBO. An ultrahigh field natural abundance

73

Ge

SSNMR study of two representative germanium containing materials in Chapter 8
demonstrated (i) the feasibility of acquiring

73

Ge wideline NMR spectra of germanium

compounds where the Ge experiences an extremely large quadrupolar interaction, and
that (ii) at ultrahigh field and under favourable circumstances, small

73

Ge chemical

shielding anisotropy (CSA) can be directly measured. Chapter 9 is the final chapter,
which contains the summary of the thesis and suggestions for future work.

1.3 References
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)

Auerbach, S. M.; Carrado, K. A.; Dutta, P. K. Handbook of Layered Materials;
CRC Press, 2004, 646 pp.
Cheetham, A. K.; Forster, P. M. Nanoporous materials; Wiley-VCH, Weinheim;
John Wiley, Chichester, 2004; Vol. 2, 589-619.
Bruce, D. W.; O'Hare, D.; Walton, R. I. Porous Materials; John Wiley & Sons
Ltd., 2011, 336 pp.
Cheetham, A. K.; Ferey, G.; Loiseau, T. Angew. Chem., Int. Ed. 1999, 38, 32683292.
Murugavel, R.; Choudhury, A.; Walawalkar, M. G.; Pothiraja, R.; Rao, C. N. R.
Chem. Rev. 2008, 108, 3549-3655.
Cundy, C. S.; Cox, P. A. Chem. Rev. 2003, 103, 663-702.
Cundy, C. S.; Cox, P. A. Microporous Mesoporous Mater. 2005, 82, 1-78.
Wilson, S. T.; Lok, B. M.; Messina, C. A.; Cannan, T. R.; Flanigen, E. M. J. Am.
Chem. Soc. 1982, 104, 1146-1147.
Rao, C. N. R.; Natarajan, S.; Choudhury, A.; Neeraj, S.; Ayi, A. A. Acc. Chem.
Res. 2001, 34, 80-87.
Yu, J.; Xu, R. Acc. Chem. Res. 2010, 43, 1195-1204.
Yu, J.; Xu, R. Acc. Chem. Res. 2003, 36, 481-490.
Yu, J.; Xu, R. Chem. Soc. Rev. 2006, 35, 593-604.
Lok, B. M.; Messina, C. A.; Patton, R. L.; Gajek, R. T.; Cannan, T. R.; Flanigen,
E. M. J. Am. Chem. Soc. 1984, 106, 6092-6093.
Li, H.; Eddaoudi, M.; O'Keeffe, M.; Yaghi, O. M. Nature 1999, 402, 276-279.
Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe, M.; Yaghi, O.
M. Science 2002, 295, 469-472.

44
(16)

(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(42)
(43)
(44)
(45)
(46)
(47)
(48)
(49)
(50)
(51)
(52)
(53)

Park, K. S.; Ni, Z.; Cote, A. P.; Choi, J. Y.; Huang, R.; Uribe-Romo, F. J.; Chae,
H. K.; O'Keeffe, M.; Yaghi, O. M. Proc. Natl. Acad. Sci. U. S. A. 2006, 103,
10186-10191.
Phan, A.; Doonan, C. J.; Uribe-Romo, F. J.; Knobler, C. B.; O'Keeffe, M.; Yaghi,
O. M. Acc. Chem. Res. 2010, 43, 58-67.
O'Hare, D. Inorg. Mater. 1992, 165-235.
Alberti, G.; Casciola, M.; Costantino, U.; Vivani, R. Adv. Mater. 1996, 8, 291303.
Alberti, G.; Costantino, U. Compr. Supramol. Chem. 1996, 7, 1-23.
Clearfield, A.; Costantino, U. Compr. Supramol. Chem. 1996, 7, 107-149.
Harris, R. K.; Wasylishen, R. E.; Duer, M. J. NMR Crystallography; John Wiley
& Sons Ltd, 2009, 504 pp.
Gerlach, W.; Stern, O. Z. Phys. A: Hadrons Nucl. 1922, 9, 353-355.
Uhlenbeck, G. E.; Goudsmit, S. A. Naturwissenschaften 1925, 13, 953-954.
Rabi, I. I.; Zacharias, J. R.; Millman, S.; Kusch, P. Phys. Rev. 1938, 53, 318.
Gorter, C. J. Physica 1936, 3, 995-998.
Gorter, C. J.; Broer, L. J. F. Physica 1942, 9, 591-596.
Purcell, E. M.; Torrey, H. C.; Pound, R. V. Phys. Rev. 1946, 69, 37-38.
Bloch, F.; Hansen, W. W.; Packard, M. Phys. Rev. 1946, 69, 127.
Bloch, F. Phys. Rev. 1946, 70, 460.
Bloch, F.; Hansen, W. W.; Packard, M. Phys. Rev. 1946, 70, 474-485.
Pake, G. E. J. Chem. Phys. 1948, 16, 327-336.
Knight, W. D. Phys. Rev. 1949, 76, 1259.
Dickinson, W. C. Phys. Rev. 1950, 77, 736-737.
Lindstrom, G. Phys. Rev. 1950, 78, 817.
Proctor, W. G.; Yu, F. C. Phys. Rev. 1950, 77, 717.
Thomas, H. A. Phys. Rev. 1950, 80, 901.
Arnold, J. T.; Dharmatti, S. S.; Packard, M. E. J. Chem. Phys. 1951, 19, 507.
Ramsey, N. F. Phys. Rev. 1950, 78, 699-703.
Ramsey, N. F. Phys. Rev. 1951, 83, 540-541.
Ramsey, N. F. Phys. Rev. 1952, 86, 243-246.
Gutowsky, H. S.; McCall, D. W.; Slichter, C. P. J. Chem. Phys. 1953, 21, 279292.
Andrew, E. R.; Bradbury, A.; Eades, R. G. Nature 1959, 183, 1802-1803.
Lowe, I. J. Phys. Rev. Lett. 1959, 2, 285-287.
Hahn, E. L. Phys. Rev. 1950, 80, 580.
Hartmann, S. R.; Hahn, E. L. Phys. Rev. 1962, 128, 2042.
Klein, M. P.; Barton, G. W. Rev. Sci. Instrum. 1963, 34, 754-759.
Ernst, R. R.; Anderson, W. A. Rev. Sci. Instrum. 1966, 37, 93-102.
Sinning, G.; Mehring, M.; Pines, A. Chem. Phys. Lett. 1976, 43, 382-386.
Mehring, M.; Sinning, G. Phys. Rev. B 1977, 15, 2519-2532.
Aue, W. P.; Bartholdi, E.; Ernst, R. R. J. Chem. Phys. 1976, 64, 2229-2246.
Lauterbur, P. C. Nature 1973, 242, 190-191.
Levitt, M. H. Spin Dynamics: Basics of Nuclear Magnetic Resonance; John Wiley
& Sons Ltd., 2001,

45
(54)
(55)
(56)
(57)
(58)
(59)
(60)
(61)
(62)
(63)
(64)
(65)
(66)
(67)
(68)
(69)
(70)
(71)
(72)
(73)
(74)
(75)
(76)
(77)
(78)
(79)
(80)
(81)
(82)
(83)

Jelinski, L. W.; Melchior, M. T. NMR Spectroscopy Techniques, 2nd Ed.; Marcel
Dekker: New York, 1996; Vol. 21, 417-485
MacKenzie, K. J. D.; Smith, M. E. Multinuclear Solid-State NMR of Inorganic
Materials; Pergamon: Amsterdam, 2002, 740 pp.
Keeler, J. Understanding NMR Spectroscopy; John Wiley & Sons, Inc., 2005, 476
pp.
Hore, P. J.; Jones, J. A.; Wimperis, S. NMR: The toolkit; Oxford University Press,
USA, 2000, 96 pp.
Frydman, L. Annu. Rev. Phys. Chem. 2001, 52, 463-498.
Herzfeld, J.; Berger, A. E. Journal of Chemical Physics 1980, 73, 6021-6030.
Mason, J. Solid State Nucl. Magn. Reson. 1993, 2, 285-288.
Kentgens, A. P. M. Geoderma 1997, 80, 271-306.
Ashbrook, S. E.; Smith, M. E. Chem. Soc. Rev. 2006, 35, 718-735.
Rose, M. E. Elementary Theory of Angular Momentum; Wiley: New York, 1957,
248 pp.
Schmidt-Rohr, K.; Spiess, H. W. Multidimensional Solid-State NMR and
Polymers; Academic Press: London, 1994, 496 pp.
Llor, A.; Virlet, J. Chem. Phys. Lett. 1988, 152, 248-253.
Samoson, A.; Lippmaa, E.; Pines, A. Mol. Phys. 1988, 65, 1013-1018.
Frydman, L.; Harwood, J. S. J. Am. Chem. Soc. 1995, 117, 5367-5368.
Medek, A.; Harwood, J. S.; Frydman, L. J. Am. Chem. Soc. 1995, 117, 1277912787.
Massiot, D.; Touzo, B.; Trumeau, D.; Coutures, J. P.; Virlet, J.; Florian, P.;
Grandinetti, P. J. Solid State Nucl. Magn. Reson. 1996, 6, 73-83.
Amoureux, J.-P.; Pruski, M. Encyclopedia of Nuclear Magnetic Resonance; John
Wiley & Sons Ltd., 2002; Vol. 9, 226-251
Frydman, L. Encyclopedia of Nuclear Magnetic Resonance; John Wiley & Sons
Ltd., 2002; Vol. 9, 262-274
Goldbourt, A.; Madhu, P. K. Monatsh. Chem. 2002, 133, 1497-1534.
Kanellopoulos, J.; Freude, D.; Kentgens, A. Solid State Nucl. Magn. Reson. 2007,
32, 99-108.
Trebosc, J.; Amoureux, J.-P.; Gan, Z. Solid State Nucl. Magn. Reson. 2007, 31, 19.
Takahashi, T.; Kanehashi, K.; Shimoikeda, Y.; Nemoto, T.; Saito, K. J. Magn.
Reson. 2009, 198, 228-235.
Amoureux, J.-P.; Fernandez, C.; Steuernageel, S. J. Magn. Reson., Ser. A 1996,
123, 116-118.
Gan, Z. J. Am. Chem. Soc. 2000, 122, 3242-3243.
Gan, Z. J. Chem. Phys. 2001, 114, 10845-10853.
Carr, H. Y.; Purcell, E. M. Phys. Rev. 1954, 94, 630.
Meiboom, S.; Gill, D. Rev. Sci. Instrum. 1958, 29, 688-691.
Larsen, F. H.; Jakobsen, H. J.; Ellis, P. D.; Nielsen, N. C. J. Phys. Chem. A 1997,
101, 8597-8606.
Larsen, F. H.; Jakobsen, H. J.; Ellis, P. D.; Nielsen, N. C. J. Magn. Reson. 1998,
131, 144-147.
Minard, K. R.; Wind, R. A. Concepts Magn. Reson. 2001, 13, 128-142.

46
(84)
(85)
(86)

Tannus, A.; Garwood, M. NMR Biomed. 1997, 10, 423-434.
Garwood, M.; DelaBarre, L. J. Magn. Reson. 2001, 153, 155-177.
Tang, J. A.; O'Dell, L. A.; Aguiar, P. M.; Lucier, B. E. G.; Sakellariou, D.;
Schurko, R. W. Chem. Phys. Lett. 2008, 466, 227-234.
(87) Kentgens, A. P. M. J. Magn. Reson. 1991, 95, 619-625.
(88) Kentgens, A. P. M.; Verhagen, R. Chem. Phys. Lett. 1999, 300, 435-443.
(89) Schurko, R. W.; Hung, I.; Widdifield, C. M. Chem. Phys. Lett. 2003, 379, 1-10.
(90) Siegel, R.; Nakashima, T. T.; Wasylishen, R. E. Chem. Phys. Lett. 2004, 388,
441-445.
(91) Bhattacharyya, R.; Frydman, L. J. Chem. Phys. 2007, 127, 194503/1-194503/8.
(92) O'Dell, L. A.; Schurko, R. W. Chem. Phys. Lett. 2008, 464, 97-102.
(93) Siegel, R.; Nakashima, T. T.; Wasylishen, R. E. Concepts Magn. Reson. Part A
2005, 26A, 62-77.
(94) Hung, I.; Gan, Z. J. Magn. Reson. 2010, 204, 256-265.
(95) Kupce, E.; Freeman, R. J. Magn. Reson., Ser. A 1995, 117, 246-256.
(96) Kupce, E.; Freeman, R. J. Magn. Reson., Ser. A 1995, 115, 273-276.
(97) Hamaed, H.; Laschuk, M. W.; Terskikh, V. V.; Schurko, R. W. J. Am. Chem. Soc.
2009, 131, 8271-8279.
(98) O'Dell, L. A.; Rossini, A. J.; Schurko, R. W. Chem. Phys. Lett. 2009, 468, 330335.
(99) Hamaed, H.; Ye, E.; Udachin, K.; Schurko, R. W. J. Phys. Chem. B 2010, 114,
6014-6022.
(100) Rossini, A. J.; Hamaed, H.; Schurko, R. W. J. Magn. Reson. 2010, 206, 32-40.

47

Chapter 2 Solid-state 67Zn NMR at Natural Abundance: A New
Tool for Characterizing Zn-containing MOFs

2.1 Introduction
One of the most exciting advances in the field of nanoporous materials in recent
years is the emergence of a fascinating family of hybrid organic-inorganic solids, known
as metal-organic frameworks (MOFs).1 They have many potential industrial and
technological applications in areas of catalysis, ion-exchange, sensors and, in particular,
gas storage and separation. Characterization is important because understanding the
relationship between the key properties of these materials and their unique structures is
crucial to the development of new applications and the performance improvement of their
current uses.
Although the structures of many MOFs can be determined by single crystal X-ray
diffraction, a significant number of MOF structures have to be refined from more limited
powder XRD data due to the lack of suitable single crystals.2 In such cases an
unambiguous structure solution requires additional information from complementary
techniques. Solid-state NMR (SSNMR) is a complementary technique to X-ray
diffraction for structural characterization, which provides invaluable information on local
environment around the nucleus of interest.3 Indeed, 1H and

13

C SSNMR has been

routinely used for framework characterization. Using the deuterated organic linker, 2H
NMR is used to examine the flexibility of the framework.4-6 The dynamics of the guest
species can also be probed by 2H NMR.4,7

129

Xe NMR has been utilized to study the
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porosity.8-10 Recently, characterization of MOF by

11

B and

17

O SSNMR has also been

reported.11,12 To properly characterize MOF structure, the local environment around
metal center needs to be carefully examined. To this end, SSNMR of several highly
receptive nuclei such as 27Al,

45

Sc and

71

Ga has been employed to directly characterize

the metal local structure and proven to be a very sensitive probe.13-15
For many important MOFs, their metal centers are zinc cations. The best known
examples include the IRMOF (isoreticular MOF)16,17 and ZIF (zeolitic imidazolate
framework)18,19 series. In principle,

67

Zn solid-state NMR (SSNMR) should be an ideal

tool for directly probing the Zn environment in MOFs. However, the local structure
around zinc center in MOFs has never been directly characterized by SSNMR. This is
primarily because

67

Zn (I = 5/2), the only NMR active isotope of zinc, has several

unfavourable NMR characteristics. It has a low gyromagnetic ratio (), low natural
abundance (4.1 %), and a relatively large nuclear quadrupole moment, resulting in very
low-sensitivity and broad resonances. Despite these problems, NMR studies on metallic
zinc,20 simple inorganic zinc salts,21-27 organozinc complexes28-32 and zinc-containing
macromolecules33 have been documented in the literature. For the most recent survey of
67

Zn SSNMR, the readers are referred to the paper by Power et.al.34 Overall, the number

of reported

67

Zn studies of solids is relatively small, especially at its natural abundance

level. It should be pointed out that in addition to the unfavourable NMR properties
mentioned earlier, a problem specific to the MOF system is the extremely low zinc
concentrations due to their low densities. For the MOFs examined in this work, the
number of 67Zn atoms per nm3 ranges from 0.10 to 0.15 (Table 2.1). For comparison, this
number for bulk ZnO (with wurtzite structure) is 1.7 67Zn atoms / nm3.35
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Table 2.1. Structural data for four ZIF materials investigated in this study.
# of Zn
Unit
# of Zn # of Zn-67
sites
Channel Space
cell
Compound Ref.
atoms / atoms /
(site
pore size group volume
nm3
nm3
3
symmetry)
(Å )
2.45
I -4 3 m
PNAS,18
1
ZIF-8
1 (S 4 )
6-ring
4,900 (12 / 4.90 0.1004
ACIE36
(no. 217)
nm3)
2.57
I a -3 d
ACIE,36
2
ZIF-14
1 (C 2 )
8-ring
18,680 (48 / 18.68 0.1054
Science37
(no. 230)
nm3)
3.68
Pbca
3
ZIF-4
PNAS18
2 (C 1 )
6-ring
4,340 (16 / 4.34 0.1509
(no. 61)
nm3)
2.49
R -3
PNAS,18
4
ZIF-7
1
(C
)
6-ring
7,210
(18
/ 7.21 0.1021
1
CSB38
(no. 148)
nm3)

In the present work, we report the first natural abundance 67Zn SSNMR study of
Zn environment in several representative MOFs at ultrahigh field of 21.1 T. In the first
part, several important ZIFs with known structures (ZIF-8, ZIF-14, ZIF-4, ZIF-7)18,36-38
were examined to demonstrate that the

67

Zn NMR spectra are sensitive to the Zn local

structure. The results are then used as a benchmark to investigate the MOFs whose
structures are not well described. In this regard, we obtained structural information on
several MOF-5 samples with different degrees of solvation. Furthermore, using ZIF-8 as
an example, we show that the

67

Zn NMR spectra are also sensitive to the guest species

present in the pores and therefore can provide valuable information on host-guest
interactions. The work demonstrates that combination of 67Zn SSNMR and computational
modeling and simulation is a powerful approach to characterize Zn local environments in
MOFs.
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2.2 Experimental details
Sample preparation. All the samples used in this chapter were synthesized
according to the previously reported procedures. The ZIFs samples were kindly provided
by Mr. Qi Shi, Mr. Zhengwei Song and Prof. Jinxiang Dong (Research Institute of
Special Chemicals at Taiyuan University of Technology, China), while the MOF-5
samples were prepared by Mr. San Yuan Ding and Prof. Wei Wang (State Key
Laboratory of Applied Organic Chemistry at Lanzhou University). Powder X-ray
diffraction (Appendix section, Figure 2.A1) and

13

C CPMAS NMR (Figure 2.A2)

experiments were performed to check the identity and purity of the samples.
Solid-state 67Zn NMR. Most 67Zn solid-state NMR experiments were conducted
at 21.1 T on a Bruker Avance II spectrometer at the National Ultrahigh-field NMR
Facility for Solids in Ottawa, Canada (www.nmr900.ca), operating at 56.4 MHz. The
samples were ground into a fine powder and then packed into 7 mm o.d. Bruker zirconia
rotors inside a glove box with o-ring drive caps to prevent solvent evaporation. A 7 mm
Bruker MAS probe was used for all MAS experiments with a one-pulse sequence under
magic-angle spinning rate of 5 kHz; the rotors were spun using dry nitrogen gas. Static
67

Zn NMR spectra of as-synthesized ZIF-8, ZIF-7, fully and partially desolvated MOF-5

were acquired with proton decoupling (the decoupling field: ~25 kHz) by using the
Hahn-echo pulse sequence [(π/2)-τ-(π)-τ-acq, τ = interpulse delays of 20 - 50 µs] on a
home-built 7-mm H/X low-gamma NMR probe for stationary samples with a dual
resonator design. The static spectrum of solvated MOF-5 was obtained by Fourier
transforming the first echo of the echo train acquired using the QCPMG (Quadrupolar
Carr-Purcell-Meiboom-Gill)39 and related pulse sequence.40-43 For as-synthesized ZIF-8,
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additional static 67Zn NMR spectra were also recorded with proton decoupling at 9.4 T on
a Varian Infinity Plus 400 WB spectrometer [ν 0 (67Zn) = 24.9 MHz] using a 5-mm HFXY
T3 MAS probe with a Hahn-echo pulse sequence. The relaxation delay used was 1 s. A
1M aqueous Zn(NO 3 ) 2 solution was used as a standard for referencing

67

Zn chemical

shift (δ iso = 0.0 ppm) and also for pulse calibration. The detailed spectrometer conditions
for each experiment are summarized in Table 2.2.
NMR spectral simulation. All the NMR parameters, including quadrupolar
coupling constant (C Q ), asymmetry parameter (η Q ), isotropic chemical shift (δ iso ), span
(Ω) and skew (κ) were determined by simulations of the NMR spectra using the
WSOLIDS1 (an analytical simulation software package developed by Eichele and
Wasylishen).44 The error for each measured parameter was determined by visual
comparison of experimental spectra with simulations. The parameter of concern was
varied bidirectionally, starting from the best-fit value and all other parameters were kept
constant, until noticeable differences between the spectra were observed.
DFT calculations. Ab initio calculations were conducted using Gaussian 09
program45 running on the dual-core 2.6 GHz or quad-core 2.4 GHz Opteron HP
workstations

with

4

and

32

GB

memory,

respectively,

on

SHARCNET

(www.sharcnet.ca). The electric field gradient (EFG) and chemical shift (CS) tensors of
67

Zn in all the model clusters were calculated using hybrid Density Functional Theory

(DFT) at B3LYP level of theory using the GIAO method. The basis sets used were 6311G* for Zn atoms, 6-311+G* for N or O atoms bonded directly to Zn atoms and 631G* for other atoms. The basis sets were chosen based on previous studies, which
showed good agreement to experimental values.25,31,34 All model clusters for each system
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Table 2.2. Detailed experimental 67Zn solid-state NMR conditions at 21.1 T.

Type of experiment

90°
pulse
length
(μs)

SW
(kHz)

recycle
delay
(s)

MAS 5 kHz

2

50

static Hahn-echo

4

static Hahn-echo (9.4 T)
ZIF-14

M

τ1

τ2

τ3

τ4

(μs)

(# of
loops)

(μs)

(μs)

(μs)

(μs)

1

--

--

--

--

--

--

8192

500

1

--

--

94

--

--

--

8192

2.3

50

1

--

--

45

--

--

--

71136

MAS 5 kHz

1.5

50

1

--

--

--

--

--

--

4096

ZIF-4

MAS 5 kHz

1.5

50

1

--

--

--

--

--

--

36032

ZIF-7

static Hahn-echo

4

100

1

--

--

195

--

--

--

92160

MAS at 5 kHz

3

50

1

--

--

--

--

--

--

7080

static WURST-QCPMG

50

200

1

500

32

59

60

60

60

12120

MAS at 5 kHz

3

50

1

--

--

--

--

--

--

8192

static Hahn-echo

4

200

1

--

--

94

--

--

--

122880

Fully desolvated
MOF-5

static Hahn-echo

4

200

1

--

--

94

--

--

--

61440

desolvated ZIF-8

MAS at 5 kHz

2

50

1

--

--

--

--

--

--

8192

ZIF-8-benzene

MAS at 5 kHz

2

50

1

--

--

--

--

--

--

8192

ZIF-8-H 2 O

MAS at 5 kHz

2

50

1

--

--

--

--

--

--

8192

Sample

ZIF-8 (assynthesized)

τa

# scans

Solvated MOF-5
Partially desolvated
MOF-5
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were built from the coordinates of their corresponding crystal structures. Some clusters
were optimized where necessary. The effect of cluster size on the calculated EFG
parameters was tested by varying the cluster size for each system. Clusters larger than
those reported in this work did not significantly change the EFG parameters. It should be
pointed out that the Gaussian program uses its own internal coordinates to calculate NMR
properties for non-periodic systems; hence only relative position within the clusters
themselves matters. Even so, translations and random reorientations of chosen clusters to
different origins with use of internal coordinated disabled (while keeping the same
relative positions the same) did not affect the calculated EFG parameters. The EFG tensor
components are defined as: |V XX | ≤ |V YY | ≤ |V ZZ |; C Q = (eV ZZ Q/h) × 9.7177 × 1021 (Hz);
η Q = (V XX – V YY )/V ZZ , where e is the electric charge; Q is the nuclear quadrupole
moment; and h is Planck’s constant. A conversion factor of 9.7177 × 1021 V m-2 was
needed to convert eQV ZZ to C Q (in Hz) due to V ZZ being calculated in atomic units. The
CS tensor components are described by three principal components (δ 11 , δ 22 , and δ 33 )
with Herzfeld-Berger convention: δ iso = (δ 11 + δ 22 + δ 33 )/3, Ω = δ 11 – δ 33 , κ = 3(δ 22 –
δ iso )/Ω. One of the three Euler angles, β, describes the angle between the two largest
components of the EFG and CS tensors (V ZZ and δ 33 ) ranging from 0 to 180°. The EFG
and CS tensor parameters were extracted from the Gaussian output using the EFGShield
program.46 Calculated

67

Zn isotropic chemical shielding (σ iso ) values for all MOF-5

clusters were converted to the corresponding chemical shift (δ iso ) values by referencing it
to the solvated MOF-5 in order to get the best agreement between calculated and
experimental values: δ iso = 1772 – σ iso (all in ppm), with 1772 ppm corresponding to the
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sum of experimental shift value (160 ppm) and calculated shielding value (1612 ppm) of
solvated MOF-5.
MD simulations. Molecular dynamics (MD) simulations were carried out by Ms.
Bianca R. Provost, Mr. Thomas D. Daff, and Prof. Tom K. Woo (Centre for Catalysis
Research and Innovation at the University of Ottawa). The detailed procedures are
described in the Appendix.

2.3 Results and discussion
We first examined ZIF-8 and ZIF-14. One of the reasons for choosing these two
materials is because they each only have a single Zn site in their crystal structures, which
simplifies the analysis of the spectra. ZIF-8 (Zn[MIm] 2 , MIm = 2-methylimidazolate) is a
prototypical and the most well-known ZIF compound with a SOD zeotype structure.18,36

Figure 2.1. (left)

67

Zn MAS NMR spectra of (a) ZIF-8, (b) ZIF-14 and (c) ZIF-4 at 21.1 T. (right)

67

Zn

static Hahn-echo NMR spectra of as-synthesized ZIF-8 at 9.4 and 21.1 T. Solid lines indicate experimental
spectra, while dotted ones indicate best-fit simulated spectra. Asterisks (*) indicate spinning sidebands.

Indeed, the 67Zn MAS NMR spectrum (Figure 2.1a, left) of as-synthesized ZIF-8
exhibits a single resonance. The peak is very symmetric and narrow. It does not exhibit a
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typical line-shape of central transition dominated by the second-order quadrupolar
interaction. The symmetric line-shape and very small FWHH (full width at half height)
that is less than 1 kHz indicate a very small quadrupolar interaction experienced by the
Zn. Since the resonance of MAS spectrum at 21.1 T is too narrow to determine C Q
accurately, we extracted C Q value from the static spectra acquired at 9.4 T and 21.1 T
(Figure 2.1, right). The small C Q of 1.1 MHz implies that the Zn has a highly
symmetrical local environment resulting in a very small electric field gradient (EFG) at
the Zn site. The spectrum is indeed consistent with the reported crystal structure18 which
shows that the ZnN 4 tetrahedron is almost perfect, i.e., Zn–N bonds are all equal (1.987
Å) and N–Zn–N angles are almost perfect tetrahedral angles (109.3° ×4; 109.8° ×2).
Figure 2.1b shows the 67Zn MAS spectrum of as-made ZIF-14 (Zn[EIm] 2 , EIm =
2-ethylimidazolate).36,37 The spectrum is also narrow (the line width is only about 2.8
kHz), but it is broader than that of ZIF-8 and has a distinct line-shape due to the secondorder quadrupolar interactions. The spectrum can be well fitted with a single Zn site and
the simulations generated a set of 67Zn EFG tensor parameters: C Q = 2.8(1) MHz, η Q =
0.85(5) and δ iso = 260(5) ppm. Observing one Zn signal is consistent with the reported
ZIF-14 crystal structure.36 The C Q (67Zn) value in ZIF-14 is larger than that in ZIF-8,
which is due to a slightly more distorted ZnN 4 tetrahedral unit, as reflected by the larger
distributions of the Zn–N bond distances (2.001–2.017 Å) and N–Zn–N bond angles
(104.4–112.6°). The distinct line-shape corresponding to a non-zero η Q suggests that the
EFG tensor at the Zn nucleus is not axially symmetric, which is in agreement with the
low (2-fold) site symmetry.
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Since many ZIF materials have more than one Zn site, we then examined ZIF-4
(Zn[Im] 2 ),18 which has two crystallographically non-equivalent Zn sites, to see if these
two sites can be differentiated by 67Zn NMR. Figure 2.1c illustrates 67Zn MAS spectrum
of ZIF-4 at 21.1 T. The spectrum can only be simulated by two sites (Figure 2.1c) and the
two sets of the EFG parameters extracted from the simulations are listed in Table 2.3. An
inspection of the structural data (Table 2.4) reveals the degree of distortion in two ZnN 4
tetrahedral is significantly different.18 The dispersions of the Zn–N bond lengths and the
N–Zn–N bond angles are larger for Zn1 than those for Zn2. Thus, the 67Zn signal with a
larger C Q value is assigned to the Zn1 site. This assignment has been confirmed by the
theoretical calculations (see below).
Table 2.3. Experimental and calculated 67Zn NMR parameters in ZIF samples.
Compound

ηQb

|C Q | (MHz)a

δ iso (ppm)

exp.

calc.

exp.

calc.

exp.

1.1(2)

0.2

0.80(5)

0.00

300(5)

2.8(1)

3.4

0.85(5)

0.63

260(5)

ZIF-4 – site Zn1

5.0(2)

5.2

0.25(10)

0.25

315(10)

– site Zn2

3.8(2)

3.9

0.75(10)

0.50

300(10)

ZIF-7

6.2(3)

7.2

0.95(15)

0.78

275(15)

desolvated ZIF-8

1.6(2)

N/A

0.30(10)

N/A

293(5)

ZIF-8
(as-synthesized)
ZIF-14

The EFG tensor is described by three principal components V JJ (J =X-Z), ordered such that |V ZZ | ≥ |V YY | ≥
|V XX |. a C Q = eQV ZZ /h; b η Q = (V XX – V YY )/V ZZ .

The acquisition times for
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Zn MAS NMR spectra in the above mentioned ZIFs

are reasonable, which were 2h, 1h and 10h for ZIF-8, ZIF-14 and ZIF-4, respectively.
Another ZIF material studied, ZIF-7 (Zn[BIm] 2 , BIm = benzimidazolate),18,38 however,
represents a different level of difficulty. The pattern in the static spectrum recorded for
this sample at 21.1 T (Figure 2.2) is rather broad (∼40 kHz), preventing an MAS
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experiment from being performed with a 7 mm MAS probe used in this work. The static
spectrum acquired after 25h still has a rather poor signal-to-noise (S/N) ratio.

Table 2.4. Bond distances and angles for four ZIF samples.
Average
±
Zn–N bond
N–Zn–N bond
Compound
standard
distances (Å)
angles (degrees)
deviation
(Å)

Average ±
standard
deviation
(degrees)

ZIF-8

1.987 (×4)

1.987 ± 0

109.3 (×4), 109.8
(×2)

109.5 ± 0.2

ZIF-14

2.001 (×2),
2.017 (×2)

2.009 ±
0.009

104.4, 105.6, 111.0
(×2), 112.6 (×2)

109.5 ± 3.6

ZIF-4 – Zn1

1.967, 1.980,
1.992, 1.997

1.984 ±
0.013

104.1, 109.4, 108.0,
110.6, 110.9, 113.5

109.4 ± 3.2

ZIF-4 – Zn2

1.973, 1.979,
1.982, 1.991

1.981 ±
0.008

105.3, 107.8, 108.9,
110.2, 111.1, 113.3

109.4 ± 2.8

ZIF-7

1.983, 1.985,
1.995, 2.001

1.991 ±
0.008

103.6, 105.3, 107.7,
111.6, 113.6, 115.2

109.5 ± 4.7

Considering that this intensity corresponding to a very small amount of 67Zn atoms (0.1
67

Zn atoms / nm3)18 is spread over 40 kHz range, the low S/N ratio is not surprising.

Nonetheless, the spectrum can be simulated by one Zn site, yielding the largest of
observed C Q (67Zn) values in studied ZIF materials of 6.2(3) MHz. The isotropic

67

Zn

NMR chemical shifts in all four studied ZIF materials were found within 260–320 ppm
range, typical for ZnN 4 tetrahedral coordination in other organic solids.34

Figure 2.2. Experimental 67Zn static Hahn-echo NMR spectra of ZIF-7 at 21.1 T.
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Figure 2.3. Model clusters of ZIF compounds used in Gaussian calculations.

To better understand the observed

67

Zn NMR spectra, ab initio computational

studies were carried out. The Projector Augmented-Wave (PAW) method implemented in
the CASTEP code has been widely used recently to predict NMR properties in periodic
solids.47-52 However, the computing power required for the CASTEP calculation
increases with increasing unit cell sizes.
The unit cells of the MOFs examined in this work are rather large (ranging from
4,300 to 18,700 Å3), which precludes us from performing CASTEP calculations using the
available computational resources. Instead, hybrid density functional theory (DFT)
method at B3LYP level implemented in Gaussian was used to analyze the experimental
results. The cluster approach is computationally more expedient and has been widely and
successfully applied to various materials with two- and three-dimensional structures.53-58
Four model Zn clusters were truncated from the frameworks of ZIF-8, ZIF-14,
ZIF-4 and ZIF-7, to calculate the EFG tensor parameters at their Zn centers (Figure 2.3).
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The calculated C Q (67Zn) and η Q values are in very good agreement with the experimental
data (Table 2.3). It is also worth mentioning that for ZIF-4, the calculations do confirm
the assignments proposed earlier, i.e., the observed Zn signal with a larger C Q indeed
originates from Zn site 1.
Since in ZIF materials the 67Zn NMR is found to be sensitive to Zn local structure,
and the theoretical calculations can predict NMR parameters reasonably well, the second
part of this study was to apply these techniques to an investigation of the more complex
MOF-5 material, and to try obtaining direct information on the effect of desolvation on
the Zn local environment.

Figure 2.4. (a) Framework structure of MOF-5. (b) Experimental 67Zn MAS NMR spectra of solvated (top)
and partially desolvated MOF-5 (bottom) at 21.1 T. (c) Experimental and best-fitted
spectra of MOF-5 with different degree of solvation at 21.1 T.

67

Zn static NMR

60
MOF-5 is one of the most widely studied MOF compounds (Figure 2.4a). It
possesses large cubic cavities with oxygen-centered Zn 4 O tetrahedra at each of the cube’s
corners connected by an organic linker, 1,4-benzendicarboxylate (BDC) ligand. It is
thermally stable up to 350°C and has a very large surface area of ca. 4,000 m2/g. Previous
studies showed that the solvent molecules can be completely removed from the
framework by either solvent extraction or heat treatment while the framework still
maintains its integrity.16,59,60 The solvated MOF-5 sample used in this study contains 14.9
% (by weight) of chloroform in its voids.
The 67Zn MAS spectrum of solvated MOF-5 is shown in Figure 2.4b, displaying
one resonance which is very narrow (with a FWHH of ∼1 kHz). Observation of a single
Zn signal is consistent with the crystal structure.16 The narrow and relatively symmetric
peak in the MAS spectrum is due to the local environment around Zn being fairly
symmetric as shown by the structure. The
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Zn MAS spectrum of partially desolvated

MOF-5 with ca. 8.2 wt.% guest molecules becomes broader (Figure 2.4b). Similarly, the
corresponding

67

Zn static spectrum is also broader than that of the solvated sample

(Figure 2.4c). For the partially desolvated sample, both MAS and static spectra can be
simulated with a single Zn site, yielding a C Q (67Zn) = 3.4(2) MHz and η Q = 0.40(10). It
is clear that the differences in the spectra between solvated and partially desolvated
samples are due to the changes in the Zn coordination environment.
To gain further insight into the relation between the observed 67Zn NMR spectra
and the possible structural distortions in MOF-5 upon desolvation, the approach of
computational modeling was employed. Specifically, we carried out the DFT calculations
of the 67Zn NMR tensors on a series of Zn 4 O(BDC) 6 6- clusters with slightly modified
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Figure 2.5. Four possible distortion models in Zn 4 O(BDC) 6 6- cluster of MOF-5.

geometries. Several possible models of distortion were considered: the first model (I)
assumes that the core oxygen atom moves upon desolvation along the C 2 axis in the
cluster (Figure 2.5a), resulting in two non-equivalent Zn sites with a ratio of 2:2. The
second model (II) assumes the core oxygen moving along one of the Zn–O core bond (C 3
axis) directions and such a movement would lead to two non-equivalent Zn sites with a
ratio of 1:3 (Figure 2.5b). The third model (III) involves the simultaneous displacement
of the Zn atoms coordinated to the same carboxylate group along the Zn–O BDC bond
direction (Figure 2.5c). The last model (IV) involves simultaneously changing the O–C–
O angle of carboxylate ligand of two opposing BDC groups (Figure 2.5d). For each
model, 67Zn chemical shielding and EFG tensors were calculated and the selected plots of
the magnitude of C Q (67Zn) and the size of chemical shift anisotropy (span, Ω) as a
function of the varied structural parameter are illustrated in Figures 2.6 and 2.7.

62

Figure 2.6. Plots of 67Zn |C Q | values as a function of the varied structural parameter for the four distortion
models.

Figure 2.7. Plots of
distortion models.
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Zn span (Ω) values as a function of the varied structural parameter for the four
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Figure 2.8. Comparison of

67

Zn experimental MAS (a) and static (b) NMR spectra recorded in partially

desolvated MOF-5 at 21.1 T and representative theoretical spectra from four distortion models discussed in
the text. The best-fit simulated spectra were done using a single Zn site, while the theoretical spectra were
calculated using the parameters that result in the best matches to the experimental data (Table 2.5).

For each model, a series of theoretical MAS and static spectra were calculated by
using the computed NMR parameters, which then were compared with the overall
profiles of the experimental spectra. Figure 2.8 illustrates the best-matching MAS and
static spectra for each type of distortion (for calculated NMR parameters using in the
simulation see Table 2.5). It appears that the best-matching MAS and static spectra
corresponding to a change in O–C–O angle by 4 degrees (model IV) have the overall
line-shapes more resembling experimental ones than those obtained from other models.
The corresponding Zn–O distances and O–Zn–O angles for the Zn site are summarized in
Table 2.6. All these parameters are within the ranges reported for various MOF-5
structures based on crystallographic studies.16,59,61
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Table 2.5. 67Zn EFG and CS tensor parameters used to calculate MOF-5 spectra in Figures 2.8 and 2.9.
|C Q |
Model
best fit
Partially
desolvated MOF-5
(see Figure 2.8)

I
II
III
IV
best fit

Fully desolvated
MOF-5
(see Figure 2.9)

I
II
III
IV

Zn site

(MHz)a

Zn1
Zn1
Zn2
Zn1
Zn2
Zn1
Zn1
Zn1
Zn1
Zn2
Zn1
Zn2
Zn1
Zn1

3.40
3.45
0.64
3.40
1.10
3.90
3.64
7.40
7.61
4.82
7.60
1.53
7.17
7.48

ηQb

δ iso
(ppm)c

Ω (ppm)d

κe

β (deg)f

0.40
0.02
0.82
0.00
0.03
0.61
0.44
0.40
0.03
0.04
0.00
1.00
0.34
0.62

160
147
164
144
157
156
169
-20
127
182
127
165
157
117

83
114
76
100
96
84
52
151
44
116
104
152

0.88
0.95
0.96
0.96
0.49
0.77
0.63
0.82
0.95
0.87
0.19
0.63

9
40
1
13
67
83
23
10
1
63
48
83

The EFG tensor is described by three principal components V JJ (J =X-Z), ordered such that |V ZZ | ≥ |V YY | ≥ |V XX |.
a
C Q = eQV ZZ /h; b η Q = (V XX – V YY )/V ZZ .
c
δ iso = 1772 – σ iso (all in ppm), with 1772 ppm corresponding to the sum of experimental shift value (160 ppm) and calculated shielding value
(1612 ppm) of solvated MOF-5.
The chemical shift tensor is described by three principal components (δ 11 , δ 22 , δ 33 ) with Herzfeld-Berger convention such that:
d
Ω = δ 11 – δ 33 ; e κ = 3(δ 22 – δ iso )/Ω.
f
β, is one of the Euler angle, describes the angle between the two largest components of the EFG and the CS tensors (V ZZ and δ 33 ), ranges
from 0 to 180°.
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Table 2.6. Structural data for MOF-5 materials from (a) the literature and (b) the computational modeling in the present work.
(a) The structure data from the literature
Ref.

Nature
199916

Guest
species

Space
group

# of Zn
sites - site
symmetry

C 6 H 5 ClDMF
optimized
structure

F m -3 m
(cubic)

1 (C 3v )

unit cell
length
(Å)

unit
cell
vol.
(Å3)

a = 25.669

16,913

desolvated

F m -3 m
(cubic)

1 (C 3v )

Chem.
Comm.
200661

ferrocene

P a -3
(cubic)

2
Zn1 (C 1 )
Zn2 (C 3 )

a = 25.507

JACS
200759

TEADMF

2
Zn1 (C s )
Zn2 (C 3v )

a = 18.41;
c = 44.75

R -3 m
(trigonal)

a = 25.885

17,343

16,595

13,129

Bond lengths (Å)

Bond angles (degrees)

Zn–
O core (O1)

Zn–O BDC (O2)

O1–Zn–O2

O2–Zn–
O2

O2–C BDC –O2

1.934

1.911 ×3

112.43 ×3

106.36 ×3

125.02 ×6

1.990

1.976 ×3

110.49 ×3

108.43 ×3

123.74 ×6

1.950

1.937 ×3

111.28 ×3

107.62 ×3

125.90 ×6

1.953

1.937, 1.944, 1.970

1.936

1.928 ×3

100.95,
108.77,
113.35
107.30 ×3

1.924

1.898 ×2, 1.943

2.033

1.924 ×3

108.45,
111.84,
113.39
111.56 ×3
111.19,
111.24,
114.35
111.79 ×3

126.33 ×3
125.22 ×3

106.28 ×2,
107.07

121.63 ×3

107.07 ×3

125.83 ×3

106.36,
106.87 ×2
105.06 ×2,
106.36

121 ×2,
125.02 ×4
125.02 ×4,
137 ×2

(b) The structure data from computational modeling (present work)
Model
IV

Partially
desolvated
Fully
desolvated

Zn1

1.934

1.911 ×2, 1.877

Zn1

1.934

1.911 ×2, 2.021

111.50,
112.43 ×2
112.43 ×2,
114.76
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We have also examined

67

Zn NMR spectra in a completely desolvated MOF-5

sample. The breadth of the central transition pattern in the static spectrum of this sample
is about 45 kHz (Figure 2.4c), which precludes MAS experiments using the 7 mm MAS
probe employed in this work. Although S/N is rather low, the spectrum can still be fitted
nevertheless with a single Zn site, generating a C Q (67Zn) of 7.4(5) MHz and η Q of
0.40(20). The much larger C Q (67Zn) value suggests that the distortion in the local Zn
environment in fully desolvated samples is substantially more significant than in partially
desolvated MOF-5. Interestingly, η Q value remains the same, suggesting that the
distortion pathway might remain unchanged.

Figure 2.9. Comparison between the 67Zn experimental static spectrum of fully desolvated MOF-5 at 21.1
T and the theoretical spectra from four distortion models.

Using the same four distortion models and the procedures described earlier, we
also calculated the static spectra as a function of degree of the distortion for each model.
Figure 2.9 displays the best-matching static spectra from each type of distortion. The
calculated static spectra resulting from a change of O–C–O angle (model IV) from 125º
in solvated to 137º in a fully desolvated sample (corresponding to an increase in the Zn–

67
O BDC distance by 0.11 Å) provides the best match with that observed experimentally. The
computed NMR parameters used to calculate the theoretical spectra (shown in Figure 2.9)
are summarized in Table 2.5. It should be pointed out that the proposed distortions are
simplified models and the real situation might be more complicated. Nonetheless, the
combination of the 67Zn NMR data and the theoretical calculations does shed light on the
desolvation process in MOF-5. Broadening of

67

Zn NMR spectra in MOF-5 upon

desolvation resembles similar effects observed in

27

Al NMR spectra of dehydrated

zeolites,62,63 indicating a possible common origin of the broadening in two related
families of porous materials.
Finally, using ZIF-8 system as an example, we show that the

67

Zn NMR can be

used to study the host-guest interaction in MOFs. Figure 2.10 (left) illustrates 67Zn MAS
spectra of a fully desolvated (empty) ZIF-8, the ZIF-8 with benzene molecules trapped
inside SOD cages, and the ZIF-8 with internal voids filled with water. Comparing with
as-synthesized ZIF-8 (Figure 2.1a), the spectrum of the fully desolvated ZIF-8 (Figure
2.10a) remains very narrow, but it does now exhibit a typical pattern arising from
quadrupolar coupling interactions. Simulations yielded a C Q (67Zn) = 1.6(2) MHz and η Q
= 0.30(10). The results indicate that unlike MOF-5, the framework of ZIF-8 appears
more rigid64 and desolvation via heating does not cause significant changes in the Zn
local environment. The pore opening of ZIF-8 (3.4 Å) is too small to directly adsorb
benzene. But benzene can be captured in the SOD cage (with a diameter of ~11.6 Å)
when it is present in the initial solution prior to crystallization. As shown in Figure 2.10b,
67

Zn MAS spectrum of the ZIF-8 containing captured benzene (16.1 weight percent or ~4

molecules per SOD cage) is very sharp and symmetrical, indicating that the small

68

Figure 2.10. (left)

67

Zn MAS NMR spectra recorded at 21.1 T of (a) fully desolvated ZIF-8, (b) ZIF-8-

benzene and (c) ZIF-8-H 2 O. Solid lines indicate the experimental spectra, while the dotted line in (a)
indicates the best-fit simulated spectrum. (right) Angular distribution of guest molecules about the
tetrahedral symmetry directions for a typical zinc atom over 20 ns simulated molecular dynamics in (d)
benzene-loaded ZIF-8 and (e) water-loaded ZIF-8.

residual quadrupolar interactions detected in the MAS spectrum of the desolvated ZIF-8
vanishes. Interestingly, the proton-decoupled

67

Zn MAS spectra of ZIF-8 loaded with

19.4 weight percent of water as shown in Figure 2.10c is broader than both desolvated
and benzene containing ZIF-8. The asymmetric line-shape (which does not correspond to
the pure central transition pattern due to quadrupolar interactions) and the fact that the
corresponding static spectrum (not shown) is not narrowed significantly by magic-angle
spinning suggest that the observed resonance may result from a distribution of chemical
shift and/or quadrupolar coupling interactions. This suggests that the variations in the
observed 67Zn spectra are due to differences in the distributions of guest molecules.
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Figure 2.11. Molecular dynamics trajectories. The positions of all guest molecules at 1 ns intervals over the
20 ns simulation are overlayed on the ZIF-8 framework. (a) benzene (hydrogen omitted for clarity) shows
an even distribution within the pores; (b) water evacuates a number of pores leaving an uneven distribution
overall, diffusion is also shown through the empty pores.

A series of classical molecular dynamics simulations were performed to examine
the variations in the guest distributions in ZIF-8, with 17.1% water and 20.0% benzene.
Equilibrated 20 ns simulations of the benzene-ZIF-8 and water-ZIF-8 systems show a
striking qualitative difference. Specifically, the simulations reveal that the water
molecules, which can easily diffuse through the channels between pores, conglomerate to
form nano-droplets within the pores. This results in some pores completely emptying of
water, even when the simulation begins from a homogeneous starting state (see Figure
2.11). Benzene, on the other hand, cannot travel between pores, and there is an even
distribution of guests in the pores assumed to be present at the time of synthesis.
Moreover, during the MD simulations we also observe a rapid exchange of benzene
molecules between the adsorption sites within a pore. This suggests that there is a greater
variation in the guest distribution with water compared to benzene. To quantify these
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observations, we show the guest-Zn angular distribution plots relative to the four
tetrahedral symmetry directions of a single zinc atom in the framework in Figures 2.10d
and 2.10e for benzene and water, respectively. With the water loaded system, over 20 ns
of dynamics the distribution shows large differences between the directions, indicating a
reduction in the symmetry. In the system loaded with benzene, however, the guest
molecules are more evenly distributed between the four reference directions, resulting in
an averaging of the EFG interactions giving the narrowed line-shape.65 To quantify the
guest distribution globally over all zinc centers in the simulations, we show the variance
in the angular distribution plot in Figure 2.A5. This confirms that the distribution of Zn
environments in the water loaded system is much greater than in the benzene loaded
system.

2.4 Conclusion
In conclusion, this work shows that acquiring solid-state 67Zn NMR spectra of Zncontaining MOF-based materials at natural

67

Zn abundance is feasible at ultrahigh

magnetic field of 21.1 T. 67Zn spectra are sensitive to the Zn local environment and to the
presence of guest species. We demonstrate that in combination with computational
modeling, 67Zn SSNMR can be used as a powerful tool not only for directly probing the
local environment of the Zn ions in the framework, but also for investigating host-guest
interactions in MOF-based materials. Since NMR instruments operating at very high
magnetic fields are becoming increasingly accessible, it is hoped that this work will
encourage other researchers to use 67Zn SSNMR for MOF materials characterization.
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2.6 Appendix
Powder X-ray diffraction. Powder X-ray diffraction patterns were recorded with
an X-ray diffractometer (Rigaku, MiniFlex II) using Cu Kα radiation (λ=1.5418 Å)
operating at 30 kV and 15 mA. Scans were acquired between 2.1 and 40° (2θ) at a rate of
4°/min.
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Figure 2.A1. Powder X-ray diffraction patterns of ZIF samples.
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Zoom in of the selected region:

Figure 2.A2. a)

13

C CPMAS NMR spectra of ZIF samples at 9.4 T. Asterisks (*) indicate spinning

sidebands, while the number signs (#) indicate solvent/guest molecule peaks. The assignment of the
framework peaks are as indicated on the diagrams.
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Zoom in of the selected region:

Figure 2.A2. b)

13

C CPMAS NMR spectra of ZIF-8 samples at 9.4 T. Asterisks (*) indicate spinning

sidebands, while the number signs (#) indicate solvent/guest molecule peaks. The assignment of the
framework peaks are as indicated on the diagrams.

77
MD simulations
a) Simulation and modeling Details
Molecular dynamics (MD) simulations were carried for guest loaded ZIF-8 using
classical force-field methods within the DL_POLY simulation package.68 Lennard-Jones
parameters are taken from the Universal Force Field (UFF)69 and combined with LorentzBerthelot mixing rules for cross terms. Values for the individual atom types are given in
Table 2.A1.

Table 2.A1. Lennard-Jones parameters from the UFF and TIP5P-Ew.
Atomic type
ε / kcal mol-1
σ/Å
C

3.4309

0.105

H

2.5711

0.044

Zn

2.4616

0.124

N

3.2607

0.069

O (H 2 O)

3.0970

0.178

Table 2.A2. Partial atomic charges for ZIF-8 (REPEAT method) and benzene
(CHELPG).
Atom
q/e
identifier
Zn

0.645

C1

0.397

C2

-0.201

C3

-0.519

N

-0.250

H1

0.155

H2

0.133

C (C 6 H 6 )

-0.103

H (C 6 H 6 )

0.103
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Partial atomic charges for Coulombic interactions are given in Table 2.A2.
Charges for the ZIF-8 framework were calculated with the REPEAT70 method with an
electrostatic potential derived from a periodic density functional theory (DFT) calculation
using the CPMD software. The DFT calculations used PBE pseudopotentials71,72 and the
positions of hydrogen atoms were optimized from the X-ray structure.18 Benzene was
modeled using a rigid CCSD(T) optimized structure (C–H and C–C bonds of length 1.09
Å and 1.40 Å respectively), point charges fitted with CHELPG in Gaussian-09,45 and
standard UFF parameters. Water was modeled using the standard TIP5P-Ew model.73
The labeling for the unique framework atoms is shown in Figure 2.A3.

Figure 2.A3. Unique atom labels for ZIF-8 charges.

A fixed 2×2×2 supercell of the framework was used for all simulations. The
required number of guest molecules was calculated from the experimentally determined
occupancies. The numbers of guests used in the simulations are shown in Table 2.A3.
Systems were loaded with the guests initially evenly distributed with equal numbers in
each pore (sixteen pores in a 2×2×2 supercell) for the upper bracket occupancies. Guests
were also removed from the upper bracket configuration to give the closest
approximation, which gives a less homogeneous initial distribution; however the results
for such a system showed no significant difference to the upper bounds case, so we report
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only those results here. The system was propagated in the NVT ensemble with a 1.0 fs
timestep following 0.1 ns of temperature scaled equilibration. The distribution of guests
is calculated over different timescales extracted from the complete simulation.
Table 2.A3. Number of guests used in molecular dynamics simulations calculated from
experimental occupancies.
Benzene/Water
Water

Benzene

Water

Experimental weight %

19.4

16.1

7.8

Experimental guests per pore

18.2

3.7

7.8

Target guests in supercell

291.2

59.2

124.8

Upper bracket guests per pore

19

4

8

Upper bracket guests in supercell

304

64

128

Closest approximation guests in supercell

291

59

125

b) Calculation of dynamic symmetry
The symmetry of the environment around the zinc is determined from the MD
trajectories with a spherical angle distribution function. Angular distributions are
calculated for each individual reference atom as the average number density within a
shell of a given radius of the second atom type over the simulation, divided into the series
of spherical sectors at incremental angles from a reference vector, see Figure 2.A4. The
four tetrahedrally oriented directions of the Zn–N bonds are extracted from the
framework positions and used as the reference vectors for the angular distributions.
Typical examples of these are shown in Figures 2.10d and 2.10e. The difference between
the four angular distributions can be quantified by the standard deviation between them
and can hence be used as a measure of the change to the spherical symmetry; large
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deviations between the four distributions indicating that the symmetry is lower and
almost identical distributions indicate that the symmetry of the framework is maintained
and may be further averaged. To characterize the symmetry for the complete structure the
standard deviations between the directions for each zinc atom have been averaged over
all the zinc atoms in the simulation supercell.

Figure 2.A4. Schematic of spherical sector used for calculating guest distributions. The number density is
measured in each spherical sector at incremental angles.

c) Supplementary angular distribution analysis
In our analysis, we calculated the distributions within a 10 Å shell, over 20 ns
simulation lengths. Figures 2.10d and 2.10e show the four individual angular
distributions for a single zinc atom in benzene-loaded and water-loaded ZIF-8. In the
benzene loaded case, there is little difference between the distributions; however the
symmetry is lost for the water where the distribution seen from each reference vector is
completely different, mainly due to the uneven distribution of filled and empty pores.
These two examples represent typical cases, and for both systems different reference
atoms show a range of variations in distributions. This is shown in the average standard
deviation for all atoms in Figure 2.A5, where one might expect the benzene loaded ZIF-8
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to have a lower average if all zinc atoms had an environment the same as this example.
However, the standard deviation analysis does show that the spherical symmetry in the
benzene-loaded system is much greater than that in the water loaded system, which
accounts for the averaged EFG observed. The effect of the timescale on the distributions
is also shown in Figure 2.A5. The distribution of water does not change on increasing
timescales to longer than 1 ns, however the benzene is more evenly distributed if
measured over 20 ns than for just 1 ns. This indicates that the benzene, as expected, is
less mobile than water, but still has a more even distribution on the longer timescale.
There is no further evening of the distribution if the simulation is extended to 40 ns.

Figure 2.A5. Angular distribution standard deviations averaged over all zinc atoms and shown for different
simulation lengths.
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Chapter 3 Natural abundance solid-state 67Zn NMR
characterization of microporous zinc phosphites and zinc
phosphates at ultrahigh magnetic field*
3.1 Introduction
Microporous materials such as zeolites are crystalline open-framework inorganic
materials with regular pores, cavities and channels in the range between 0.5 – 2.0 nm.
These materials have many current and potential applications in gas separation, ionexchange, catalysis and sensors.1 One important type of microporous materials is metalphosphate based materials with aluminophosphates (AlPO 4 s) being the most well-known
example.2 Since the discovery of AlPO 4 s in the 1980s, many main group metal
phosphates (e.g., gallium, indium, germanium, tin and zinc) and several transition metal
phosphates such as titanium, zirconium, vanadium, molybdenum, iron and cobalt have
been synthesized.3-5
Microporous zinc phosphates are particularly important because Zn2+, a divalent
metal cation, is capable of adopting a tetrahedral coordination for its incorporation and/or
isomorphous substitution in the [AlPO 4 ] network. Its larger size and weaker bonding lead
to the possibility of smaller T–O–T angles, which in turn favour a wider distribution of
angles needed to stabilize larger channels/cages.6 In recent years, a number of zinc
phosphates have been synthesized. The structural diversity encompasses the entire
hierarchy of open-framework structures including zero-, one-, two- and three*

A version of this chapter has been published elsewhere: [Phys. Chem. Chem. Phys., 2011,
13(37), 16606-16617]. Reproduced by permission of the PCCP Owner Societies.
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dimensional structures. The structures of most zinc phosphates are built from vertexlinked [ZnO 4 ] and [PO 4 ] units, but [ZnO 5 ] and [ZnO 6 ] subunits also exist. Furthermore,
Zn–O–Zn linkage occurs in some cases. The ratio of Zn/P is often less than one due to the
interruption caused by either terminal –OH groups from [PO 4 ] moieties or terminal H 2 O
attached to Zn atoms.
The needs of many industrial applications have promoted the search for large pore
microporous materials. Several strategies have been developed for designing larger pore
crystalline open frameworks. One approach is to replace tetrahedral phosphate groups,
[PO 4 ] with pyramidal phosphite units [HPO 3 ] to reduce the M–O–P connectivity, leading
to highly interrupted open-framework metal phosphites with extra-large pores. For zinc
phosphites, the pyramidal [HPO 3 ] group can only form three Zn–O–P bonds, which
results in lower charge and symmetry, leading to different connectivity patterns and
framework structures. Indeed, in recent years a number of crystalline microporous zinc
phosphites with large and extra-large pores have been synthesized.
The structures of many zinc phosphites have been determined by the more limited
powder X-ray diffraction (XRD) data because obtaining suitable single crystals is often
difficult. Solid-state NMR (SSNMR) provides structural information complementary to
that obtained from XRD.7-9 Indeed, during the last two decades,

27

Al,

29

Si and

31

P

SSNMR has been used routinely and successfully to characterize zeolites and AlPO 4 s.
However, for zinc phosphates/phosphites, only

31

P MAS NMR has been used for

structural characterization. The local environments around zinc centres have never been
directly probed by solid-state NMR due to the many unfavourable NMR characteristics of
67

Zn. 67Zn (I = 5/2), the only NMR-active isotope of zinc, has a low gyromagnetic ratio (γ
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= 1.678 × 107 rad T-1 s-1), low natural abundance (4.1 %), and a moderately sized nuclear
quadrupole moment (Q = 0.150 × 10-28 m2)10, making it difficult to directly observe the
67

Zn NMR signal. Consequently, the number of reported

67

Zn studies of solids is

relatively small,11-20 especially at its natural abundance level (for a recent literature
survey of 67Zn SSNMR, see ref. 19).
Recent advances in ultrahigh field magnet technology have made the observation
of low-γ half-integer quadrupolar nuclei more feasible at their natural abundances.
Performing NMR experiments at very high magnetic field reduces the effects of secondorder quadrupolar broadening and increases the Boltzmann population difference of the
central transition, hence improving the detection sensitivity. Sensitivity enhancement
pulse sequences such as the quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG)21 have
also been developed. QCPMG increases sensitivity by acquiring a series of echoes in the
time domain, yielding a spectrum with equally spaced spikelets (after Fourier
transformation) that has a spectral envelop mimicking the line-shape of the powder
pattern obtained from a conventional spin-echo experiment. This significant sensitivity
enhancement is achieved because the signal intensity is now distributed only among a
limited number of spikelets. The sensitivity can be further enhanced if QCPMG sequence
is combined with other preparatory schemes such as double-frequency sweeps (DFS),22,23
rotor-assisted population transfer (RAPT),23 hyperbolic secant (HS),24 and most recently
wideband uniform-rate smooth truncation (WURST)25 pulses.
In the present work, we have directly characterized Zn environments in a number
of representative microporous zinc phosphites and phosphates by natural abundance 67Zn
SSNMR at an ultrahigh magnetic field of 21.1 T. It should be pointed out that the
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67

acquisition of

Zn spectra at natural abundance is very challenging even at 21.1 T. In

addition to the inherent unfavourable NMR properties associated with

67

Zn mentioned

earlier, an additional problem specific to the porous zinc phosphites materials is the
extremely low Zn concentration due to their very low density. As shown in Table 3.1, the
number of Zn atoms per cubic nanometer are between 3 and 5, only 4.1 % of which are
67

Zn (for dense ZnO, this number is 42 Zn atoms /nm3 26). Computational studies of the

electric field gradient (EFG) and the chemical shielding (CS) tensors at Zn centre were
also performed using both Projector Augmented-Wave (PAW) DFT and hybrid DFT
(B3LYP level of theory) methods to assist in analyzing experimental results.

3.2 Experimental details
Materials. All samples used in this study were synthesized according to
previously reported procedures.27-31 Powder X-ray diffraction experiments were
performed to check sample identity and purity. The XRD patterns were recorded on a
Rigaku diffractometer equipped with a graphite monochromator using Co Kα radiation
(λ = 1.7902 Å). Scans were acquired between 5 and 65° (2θ) at a rate of 10°/minute using
a step size of 0.02°.
31

P,

13

C,

19

F,

27

Al and

6/7

Li MAS NMR spectra were also acquired for

characterization and the experimental details are described as follows: All the
19

F,

27

Al and

6/7

31

P,

13

C,

Li MAS NMR spectra were acquired at 9.4 T on a Varian Infinity Plus

400 WB spectrometer using either a 4-mm HXY or a 5-mm HFXY T3 MAS probe [ν 0 =
161.7, 100.4, 375.8, 104.1, 58.8 and 155.3 MHz for

31

P,

13

C,

19

F,

27

Al, 6Li and 7Li

respectively]. Standard samples used for pulse calibration and chemical shift referencing
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Table 3.1. Structural data for all the microporous materials investigated in this study.
Number
Compound

Channel

Unit Cell

Density

Number of

Number of

Zn / unit cell

Zn / nm3

Space Group

Ref.

volume (Å3) (g/cm3)

of Zn site pore size
ZnHPO 3 -CJ1

30

2

24-ring

P 4 c c (no. 103)

2,410

1.833

12

4.98

NTHU-5

29

1

26-ring

I 4 1 / a c d (no. 142)

9,460

1.811

32

3.38

ZnHPO 3 -CN 3 H 6

28

1

12-ring

F d d 2 (no. 43)

2,530

1.814

8

3.16

ZnHPO 3 -PIP

31

2

12-ring

P -1 (no. 2)

740

2.070

4

5.40

ZnHPO 3 -DMPIP

31

1

4-ring

P 2 1 / c (no. 14)

950

1.987

4

4.21

ZnPO-Li-ABW

27

1

8-ring

P n a 2 1 (no. 33)

430

2.886

4

9.30

26

1

N/A

P 6 3 m c (no. 186)

48

5.606

2

41.7

Zinc
phosphites

Zinc
phosphates
ZnO
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were ADP (NH 4 H 2 PO 4 , solid, δ iso = 0.0 ppm), adamantane (C 10 H 16 , solid, δ iso = 38.5
ppm for higher frequency resonance), TFT (C 6 H 5 CF 3 , 1 M solution, δ iso = -65.4 ppm),
Al(NO 3 ) 3 (1 M solution, δ iso = 0.0 ppm) and LiCl (1 M solution, δ iso = 0.0 ppm) for 31P,
13

C,

19

F,

27

Al,

6/7

Li respectively. A single pulse with proton decoupling was used in all

experiments, applying small (< 30°) tip angle. The pulse delays used were 60, 5, 5, 1, 5
and 1 second for 31P, 13C, 19F, 27Al, 6Li and 7Li, respectively.
Solid-state NMR spectroscopy.

67

Zn solid-state NMR experiments were

conducted at 21.1 T on a 900 MHz Bruker Avance II spectrometer at the National
Ultrahigh-field NMR Facility for Solids in Ottawa, Canada, operating at 56.4 MHz. The
samples were ground into a fine powder and then packed into 7.0-mm (o.d.) zirconia
rotors. Static 67Zn NMR spectra were acquired with proton decoupling (decoupling field:
∼25 kHz) using the WURST-QCPMG pulse sequence25 on a home-built 7-mm H/X lowgamma probe for stationary samples with a dual resonator design.32 The

67

Zn MAS

spectrum of a zinc phosphite (ZnHPO 3 -CJ1) was also acquired on 21.1 T by using a
single-pulse sequence with a spinning rate of 8 kHz. For the rest of the materials
examined, their patterns are much broader relative to the achievable MAS spinning
speeds with the available MAS probes, precluding us from acquiring meaningful spectra.
The static 67Zn NMR spectra of two materials with proton decoupling were also acquired
at 9.4 T on a Varian Infinity Plus 400 WB spectrometer [ν 0 (67Zn) = 24.9 MHz] using
either a horizontal 5-mm static probe or a 5-mm HFXY T3 MAS probe using the
QCPMG pulse sequence. A 1 M aqueous Zn(NO 3 ) 2 solution was used as a standard for
referencing 67Zn chemical shift (δ iso = 0.0 ppm). The pulse delays used varied from 1 to 4
seconds. The acquisition time (τ a ) for each echo was adjusted to obtain a spikelet
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separation (1/τ a ) of 2000-5000 Hz in the frequency spectrum. The number of MeiboomGill (MG) loops was varied to ensure the acquisition of the full FID. Detailed
experimental conditions are listed in Table 3.2.
NMR spectral simulations. All the NMR parameters, including C Q (quadrupolar
coupling constant), η Q (asymmetry parameter), δ iso (isotropic chemical shift), Ω (span)
and κ (skew) were determined by analytical simulations of NMR spectra using the
WSOLIDS1 simulation package.33 The error for each measured parameter was
determined by visual comparison of experimental spectra with simulations. The
parameter of concern was varied bidirectionally, starting from the best-fit value and all
other parameters were kept constant, until noticeable differences between the spectra
were observed.
Additional numerical simulations were also performed using the SIMPSON
program34 (version 3.1) to simulate the spectra obtained at 9.4 T by using conventional
QCPMG sequence. The zcw4180 crystallites file for powder averaging was used and I 1z
and I 1c were set as the start and detect operators, respectively. However, numerically
simulating the frequency-swept pulses with its amplitude and phase being modulated (the
WURST pulses) is computationally very demanding due to the complex nature of the
pulses.35 Consequently, to simulate the WURST-QCPMG spectra was practically
difficult using the simple desktop computer available to us.
Quantum chemical calculations. Projector Augmented-Wave (PAW) quantum
chemical calculations were conducted using the CASTEP (version 4.3) program36 setup
of the Accelrys Materials Studio graphical user interface, running on a HP xw4400
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Table 3.2. Detailed 67Zn SSNMR experimental conditions.

Sample

Type of experiment

B 0 (T)

90°
pulse
length
(μs)

recycle
delay
(s)

τa

M

SW
(kHz)

τ1

τ2

τ3

τ4

(μs)

(# of
loops)

(μs)

(μs)

(μs))

(μs)

# scans

MAS 8 kHz

21.1

4.0

100

2

---

---

---

---

---

---

27132

static WURST-QCPMG

21.1

50

500

2

500

32

39

40

40

40

7200

static QCPMG

9.4

2.3

250

4

200

19

25

26

26

27

21664

NTHU-5

static WURST-QCPMG

21.1

50

500

1

200

32

29

30

30

30

83000

ZnHPO 3 CN 3 H 6

static WURST-QCPMG

21.1

50

500

2

500

32

39

40

40

40

10800

ZnHPO 3 -PIP

static WURST-QCPMG

21.1

50

500

1

200

32

29

30

30

30

6680

ZnHPO 3 DMPIP

static WURST-QCPMG

21.1

50

500

1

200

32

29

30

30

30

3000

static WURST-QCPMG

21.1

50

500

2

500

32

39

40

40

40

3600

static QCPMG

9.4

2.3

250

2

200

19

25

26

26

27

2 × 167104

ZnHPO 3 -CJ1

ZnPO-LiABW
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workstation with a single Intel dual-core 2.67 GHz processor and 8 GB DDR RAM. The
NMR module37,38 was used to calculate the

67

Zn EFG tensors. Unit cell parameters and

atomic coordinates were taken from their corresponding crystal structures. The
calculations were performed using ultra soft pseudopotentials generated from the “on-thefly” method implemented within the CASTEP. The Generalized Gradient Approximation
(GGA) with Perdew, Burke and Ernzerhof (PBE) functionals was used and plane-wave
cut-off energy of 500 eV (medium basis set accuracy) was applied to all the calculations.
Wherever appropriate, geometry optimizations were performed using the same GGA
approximation, PBE exchange-functional, Monkhorst-Pack k-point grid spacings and cutoff energies as in corresponding single point energy calculations. The calculated EFGs
(V XX , V YY , V ZZ ) were transformed into C Q and η Q according to the following definitions:
|V XX | ≤ | V YY | ≤ | V ZZ |; C Q = (eV ZZ Q/h) × 9.7177 × 1021 (Hz); η Q = (V XX – V YY )/V ZZ ,
where e is the electric charge; Q is the nuclear quadrupole moment [Q(67Zn) = 0.150 ×
10-28 m2]; and h is Planck’s constant. A conversion factor of 9.7177 × 1021 V m-2 was
needed to convert eQV ZZ to C Q (in Hz) due to V ZZ being calculated in atomic units. The
C Q value of

67

Zn was calculated automatically from the EFG tensor by the CASTEP

program.
Ab initio calculations on model clusters were also conducted using the Gaussian
09 program39 running on the dual-core 2.6 GHz or quad-core 2.4 GHz Opteron HP
workstations

with

4

and

32

GB

memory,

respectively,

on

SHARCNET

(www.sharcnet.ca). 67Zn EFG and CS tensors were calculated using hybrid DFT method
at B3LYP (Becke’s 3-parameter hybrid density exchange functional with the Lee, Yang,
and Parr correlation functional) level of theory, using the GIAO method. The basis sets
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used were 6-311G* for Zn atoms, 6-311+G* for O atoms bonded directly to Zn atoms
and 6-31G* to other atoms. These basis sets were chosen based on previous studies
which showed relatively good agreements with experimental values.15,18,19 All model
clusters used in the calculations were truncated with different sizes from the porous
structures. The EFG and the CS tensor parameters were extracted from the Gaussian
output using the EFGShield program.40

3.3 Results and discussion
Five representative zinc phosphites were first examined. Their structures are
shown in Figure 3.1. The relevant structural data are summarized in Tables 3.1 and 3.3.
The natural abundance static 67Zn WURST-QCPMG NMR spectra of the zinc phosphites
acquired at 21.1 T are illustrated in Figure 3.2. The simulated spectra are shown in the

Figure 3.1. The framework structure of all zinc phosphites and zinc phosphates studied. (a) ZnHPO 3 -CJ1,
(b) NTHU-5, (c) ZnHPO 3 -CN 3 H 6 , (d) ZnHPO 3 -PIP, (e) ZnHPO 3 -DMPIP and (f) ZnPO-Li-ABW (The
SDA molecules are not shown).
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Table 3.3. Bond distances and angles for the Zn-based materials investigated in this study.
Average
Compound

Zn–O bond distances (Å)

Zn–O bond

Average
O–Zn–O bond angles (degrees)

distances (Å)
ZnHPO 3 -CJ1 site 1

O–Zn–O bond angles ±
standard deviation (degrees)

1.810, 1.850, 1.929, 2.015

1.901

73.8, 106.5, 108.2, 114.6, 119.2, 123.8

107.68 ± 17.83

1.925(×2), 1.967 (×2)

1.946

105.2, 107.3 (×2), 110.5 (×2), 115.5

109.38 ± 3.64

1.902, 1.913, 1.935, 1.953

1.926

104.8, 106.6, 106.8, 109.8, 112.2, 115.9

109.35 ± 4.15

1.937 (×2), 1.952 (×2)

1.945

96.4, 108.6 (×2), 108.7, 117.3 (×2)

109.48 ± 7.69

ZnHPO 3 -PIP site 1

1.913, 1.922, 1.942, 1.949

1.932

97.6, 105.3, 111.1, 111.4, 112.9, 117.4

109.28 ± 6.92

CASTEP-optimized

1.936, 1.948, 1.961, 1.980

1.956

95.5, 104.7, 109. 9, 111.8, 114.2, 119.0

109.18 ± 8.20

site 2

1.910, 1.925, 1.926, 1.954

1.929

96.4, 103.1, 107.1, 114.3, 115.5, 119.9

109.38 ± 8.78

CASTEP-optimized

1.927, 1.950, 1.952, 1.983

1.953

94.1, 102.9, 105.5, 115.8, 116.3, 122.0

109.43 ± 10.38

ZnHPO 3 -DMPIP

1.929, 1.933, 1.951, 1.953

1.941

104.1, 105.5, 107.4, 109.2, 110.9, 119.1

109.37 ± 5.36

CASTEP-optimized

1.940, 1.947, 1.967, 1.969

1.956

102.6, 104.3, 108.3, 109.1, 112.3, 119.5

109.35 ± 6.06

ZnPO-Li-ABW

1.845, 1.966, 1.975, 1.983

1.942

99.5, 100.6, 109.2, 113.7, 114.9, 116.2

109.02 ± 7.34

CASTEP-optimized

1.921, 1.964, 1.965, 1.978

1.957

102.3,107.5, 107.6, 108.8, 114.7, 115.6

109.42 ± 4.98

site 2
NTHU-5
ZnHPO 3 -CN 3 H 6
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Figure 3.2. Static natural abundance

67

Zn WURST-QCPMG NMR spectra of the Zn-based materials at

21.1 T. * denotes artifact from dc offset.

same figures. The corresponding NMR parameters extracted from simulations are listed
in Table 3.4.
ZnHPO 3 -CJ1. [(C 4 H 12 N) 2 ][Zn 3 (HPO 3 ) 4 ] (denoted as ZnHPO 3 -CJ1) is the first
metal phosphite which has 24-ring channels with an extra-large pore window. The
structure obtained from X-ray diffraction reveals a space group of P4cc.30 ZnHPO 3 -CJ1
has an anionic [Zn(HPO 3 ) 4 ]2- framework. The charge balancing cation is nbutylammonium, CH 3 (CH 2 ) 3 NH 3 +, which is the structure directing agent (SDA). The
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Table 3.4. Experimental 67Zn NMR parameters for all Zn-based materials investigated in
this study.
Compound
C Q (MHz)a
ηQb
δ iso (ppm)c
ZnHPO 3 -CJ1 site 1

4.9(3)

1.0(1)

155(10)

ZnHPO 3 -CJ1 site 2

2.4(3)

0.5(1)

140(10)

NTHU-5

8.7(9)

0.4(2)

165(50)

ZnHPO 3 -CN 3 H 6

6.5(5)

1.0(1)

125(20)

ZnHPO 3 -PIP

7.5(5)

1.0(1)

105(20)

ZnHPO 3 -DMPIP

8.4(5)

0.3(2)

150(20)

ZnPO-Li-ABW

9.0(3)

0.25(8)

150(10)

The EFG tensor is described by three principal components V JJ (J =X-Z), ordered such that |V ZZ |
≥ |V YY | ≥ | V XX |. a C Q = eQV ZZ /h; b η Q = (V XX – V YY )/V ZZ . The CS tensor is described by three
principal components (δ 11 , δ 22 , δ 33 ) such that: c δ iso = δ 11 + δ 22 + δ 33 .

Figure 3.3. 31P MAS NMR spectra of the materials studied in this work at 8 kHz. Asterisks (*) indicate
spinning sidebands, while number signs (#) indicate impurities present.
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open-framework of ZnHPO 3 -CJ1 is made up of strictly alternating tetrahedral [ZnO 4 ]
and pyramidal [HPO 3 ] units, which are arranged in parallel 24-ring and 8-ring channels
(Figure 3.1a). The approximate size of the 24-ring window is 11.0 × 11.0 Å2, with
C 4 H 12 N+ cations residing in the hollow space of the 24-ring channel.

a)

d)

b)

e)

c)

f)

Figure 3.4. Powder XRD spectra of the materials studied in this work.

96
The crystal structure suggests that there are two crystallographically nonequivalent P and Zn sites. However, the 31P MAS spectrum of this material has not been
reported before and our

31

P MAS spectrum (Figure 3.3a) indicates three P signals. The

powder XRD pattern (Figure 3.4a) compares very well with the experimental pattern
reported in the literature30 as well as the simulated one. It also shows that the sample is
highly crystalline. Therefore, it is unlikely that the third P signal is due to either
crystalline or amorphous impurity. Thus, 31P NMR result suggests that this material may
have three P sites.

Figure 3.5. 67Zn MAS NMR spectrum of ZnHPO 3 -CJ1 at 21.1 T.

Figure 3.5 shows the 67Zn MAS spectrum acquired at 21.1 T. The spectrum was
acquired for 15 hours and it still has a rather poor signal-to-noise (S/N) ratio. Although
not perfect, the observed spectrum can be fitted by two sites with an intensity ratio of
about 2 to 1. The EFG parameters of the two Zn sites are summarized in Table 3.4.
Figure 3.2a displays

67

Zn WURST-QCPMG NMR static spectrum of ZnHPO 3 -

CJ1 acquired at 21.1 T. The spectral profile shows an envelope typical of the centraltransition dominated by the second-order quadrupolar interaction. It can be fitted using
two sites with the same EFG parameters extracted from the MAS spectrum. For this
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particular sample, we were also able to acquire a QCPMG spectrum at 9.4 T (Figure 3.6),
but it has a poor S/N ratio even after 24 hours acquisition, precluding accurate spectral
simulation. Nonetheless, the spikelet envelope is consistent with that obtained at 21.1 T.

Figure 3.6. Static 67Zn QCPMG NMR spectrum of ZnHPO 3 -CJ1 at 9.4 T.

As mentioned earlier, the crystal structure suggests that there are two
crystallographically non-equivalent zinc sites. An inspection of the structure data (Table
3.3) reveals that the degree of distortion in two [ZnO 4 ] tetrahedrons is vastly different.
The Zn–O bond variation for Zn1 (1.810, 1.850, 1.929 and 2.015 Å) is much larger than
that for Zn2 (1.925 ×2 and 1.967 ×2 Å). The O–Zn–O bond angle dispersion for Zn1
(73.8, 106.5, 108.2, 114.6, 119.2, 123.8°) is also much larger than that for Zn2 (105.2,
107.3 ×2, 110.5 ×2, 115.5°). Such a large difference in local geometry should result in
very different C Q values.
To better understand the effect of distortion of local symmetry on the EFG at the
zinc sites, computational studies were also carried out. Theoretical calculations
complement solid-state NMR experiments and therefore become increasingly more
relevant. The quadrupolar interaction is a ground-state property, which is proportional to
the inverse cube of the separation between the nucleus of interest and charge density
contributing to the EFG; therefore reflects local structure and symmetry at the nucleus
probed. Recently the Projector Augmented-Wave (PAW) method has been implemented
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in the CASTEP code.36 It employs periodic boundary conditions to fully account for the
effects of crystal lattice and can be used to calculate the EFG tensors in periodical solids.
As shown in recent years, the PAW method is indeed a powerful tool to predict NMR
properties of solids41-47 and should be utilized wherever possible. However, the
computing power required for the CASTEP calculation does increase with increasing unit
cell size. In the present case, the computational resources available at the National
Ultrahigh-field NMR Facility for Solids where the CASTEP calculations were performed
limit the calculations only to the systems with a unit cell volume of about 1,000 Å3 or
less. Unfortunately, the unit cell of ZnHPO 3 -CJ1 is rather large (2,410 Å3), precluding
the CASTEP calculation.
Alternatively, one can use the ab initio methods such as hybrid DFT calculations
on model clusters truncated from the framework. This approach is computationally more
expedient and has been widely and successfully applied to various materials with twoand three-dimensional structures. In particular, model cluster calculation has been
extensively utilized to study different zeolites, a system closely related to ours.48-50
Calculations on model clusters have been performed to gain a better understanding of
adsorption, acidity and catalysis in zeolites.51,52 The NMR tensor properties such as the
EFG at the

17

O and

27

Al nucleus as well as the chemical shift anisotropy (CSA) of

29

Si

have also been calculated satisfactorily.51,53 Other examples include vanadates,54 sodium
vanadophosphates,55 layered metal phosphates,56 titanium oxide57 and amino acids.45,58
Since the CASTEP calculations cannot be performed on ZnHPO 3 -CJ1 for the
reason mentioned above, the EFG tensors of two zinc sites were computed on model

99

Figure 3.7. Model clusters used for Gaussian calculations. For the clusters bII, cIV, eI and eII, the
calculations were only performed on the central Zn atom labeled by a circle.
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Table 3.5. Summary of the calculated EFG parameters.
Methoda

|C Q | (MHz)b

ηQc

4.9
2.4
32.5
7.5
34.1
4.0

1.00
0.50
0.19
0.16
0.31
0.67

8.7
8.9

0.40
0.39

8.2

0.50

6.5
14.0
15.2
14.8
13.9

1.00
0.37
0.31
0.32
0.53

7.5
6.9
7.8
8.9
10.9
7.3
13.5

1.00
0.96
0.96
0.40
0.26
0.85
0.47

8.4
6.0
7.5
8.2
6.4

0.30
0.75
0.33
0.59
0.82

9.0
15.9
9.1
19.5
17.1

0.25
0.81
0.15
0.66
0.65

ZnHPO 3 -CJ1
Experimental
Cluster I (Zn 2 O 8 P 7 O 13 H 7 4+)
Cluster II ([Zn 2 O 8 P 7 O 13 H 7 2C 4 H 12 N]6+)

site 1
site 2
site 1
site 2
site 1
site 2

NTHU-5
Experimental
Cluster I (ZnO 4 P 4 O 8 H 4 2+)
Cluster II (ZnO 4 P 4 O 8 H 4 Zn 4 Al 2 F 3 O 16 19-)

ZnHPO 3 -CN 3 H 6
Experimental
Cluster I (ZnO 4 P 4 O 8 H 4 2+)
Cluster II ([ZnO 4 P 4 O 8 H 4 -CN 3 H 6 ]3+)
Cluster III ([ZnO 4 P 4 O 8 H 4 -2CN 3 H 6 ]4+)
Cluster IV (ZnO 4 P 4 O 8 H 4 -Zn 4 O 12 -P 12 O 24 H 12 10+)

ZnHPO 3 -PIP
Experimental
CASTEP
CASTEP-optimized
CASTEP
CASTEP-optimized
Cluster I (Zn 2 O 8 P 6 O 10 H 6 4+)

site 1
site 2
site 1
site 2

ZnHPO 3 -DMPIP
Experimental
CASTEP
CASTEP-optimized
Cluster I (ZnO 4 P 4 O 8 H 4 -Zn 2 H 4 O 4 2+)
Cluster II ([ZnO 4 P 4 O 8 H 4 -Zn 2 H 4 O 4 -2C 6 H 14 N 2 ]2+)

ZnPO-Li-ABW
Experimental
CASTEP
CASTEP-optimized
Cluster I (ZnO 4 P 4 O 12 10-)
Cluster II (ZnO 4 P 4 O 12 Li 9 -)
a

Basis set used for Gaussian cluster calculations: 6-311G* for Zn atoms, 6-311+G* for O atoms

bonded directly to Zn, and 6-31G* for other atoms. The EFG tensor is described by three
principal components V JJ (J =X-Z), ordered such that |V ZZ | ≥ |V YY | ≥ |V XX |. b C Q = eQV ZZ /h; c η Q =
(V XX – V YY )/V ZZ .

101
clusters using Gaussian 09 program. Two clusters (Figure 3.7a) were chosen. Cluster I
[Zn 2 O 8 P 7 O 13 H 7 4+] contains two crystallographically non-equivalent Zn sites. Each zinc
atom is connected to 4 tetrahedral [HPO 3 ] groups. Zn1 and Zn2 are joined by sharing a
bridging [HPO 3 ] group. The position of each atom in the cluster was obtained from the
coordinates of the atoms determined by X-ray diffraction. No further structure
optimization was performed. The EFG parameters of both Zn sites were calculated by
using the DFT method with B3LYP functional and the results are summarized in Table
3.5. The C Q of Zn1 is remarkably larger than that of Zn2. To examine the effect of SDA,
two extra n-butylammonium cations are included in cluster I, yielding a new cluster
(cluster II). The orientations of the SDA molecules in cluster II are based on the X-ray
structure. The calculated EFG parameters are summarized in Table 3.5. Again, the
calculated C Q of Zn1 in cluster II is consistently much larger than that of Zn2. Both
calculated and observed η Q values for Zn1 and Zn2 indicate non-axial symmetric EFG.
Considering the discrepancy between the 31P MAS spectrum and the proposed structure
discussed earlier, it seems that this is the case where solid-state NMR data may provide
the constraints for the structure refinement in the future.
NTHU-5. (C 4 H 9 NH 3 ) 2 [AlFZn 2 (HPO 3 ) 4 ] (designated as NTHU-5) is a novel
bimetal phosphite structure with 26-ring channels (window size: 20.1 × 20.1 Å2),
composed of six [AlF 2 O 4 ] octahedra, eight [ZnO 4 ] tetrahedra and twelve [HPO 3 ] groups
(Figure 3.1b). The unique structure of NTHU-5 is built upon two types of helical chains,
[AlFO 4 ] helix and [ZnHPO 3 ] chain. Its space group is I 4 1 / a c d with 1 unique Zn site.29
The powder XRD pattern matches that reported in the literature very well and shows high
crystallinity. The

13

C MAS spectrum (Figure 3.8b) confirms the identity of the SDA
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molecule and also suggests that there are two non-equivalent SDA molecules in the unit
cell. The 19F, 27Al and 31P MAS spectra (Figures 3.9, 3.10 and 3.3b) are consistent with
the structure.

Figure 3.8.

13

C MAS NMR spectra of the materials studied in this work at 10 kHz. Number signs (#)

indicate impurities present.
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Figure 3.9. 19F MAS NMR spectrum of NTHU-5 at 8 kHz. Asterisks (*) indicate spinning sidebands.

Figure 3.10. 27Al MAS NMR spectrum of NTHU-5 at 8 kHz. Asterisks (*) indicate spinning sidebands.

Acquiring 67Zn WURST-QCPMG spectrum at 21.1 T was extremely challenging.
As shown in Figure 3.2b, the spectrum acquired after 23 hours still has a rather poor S/N
ratio. The overall spectral breadth is large (∼60 kHz). It is noticed that the spikelet
linewidths are broad and the reason is currently unknown. Nonetheless, simulating the
spectrum does produce a set of the EFG tensor parameters: C Q = 8.7 (9) MHz, η Q =
0.40(20), δ iso = 165(50) ppm. One possible reason for this large C Q is the relatively short
average Zn–O bond length. The value of 1.926 Å in NTHU-5 is the shortest among all
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the zinc phosphites examined except Zn1 in ZnHPO 3 -CJ1. In addition, one Zn–O bond
(1.902 Å) in NTHU-5 is particularly short. As discussed later, existence of a single short
Zn–O bond is the main contributor to the large C Q . The non-zero η Q is in agreement with
the fact that the Zn atom sits at a general position.
The unit cell of NTHU-5 is exceptionally large with a volume of 9,460 Å3, again
precluding from the CASTEP calculation. Alternatively, hybrid DFT calculations using
Gaussian 09 were conducted. Two model clusters were examined and they are shown in
Figure 3.7b (the results are given in Table 3.5). Cluster I (ZnO 4 P 4 O 8 H 4 2+) contains a Zn
centre tetrahedrally bound to four [HPO 3 ] group and cluster II is the expansion of cluster
I to include additional Zn, Al, F and O beyond the third coordination sphere of the centre
Zn atom. The results in Table 3.5 show that the calculated C Q of cluster II (which is
much larger in size than cluster I) does not differ remarkably from that of cluster I,
implying that in this case, a cluster including the atoms in the third coordination sphere of
Zn is good enough for computing C Q .
ZnHPO 3 -CN 3 H 6 . (CN 3 H 6 ) 2 Zn(HPO 3 ) 2 , an open-framework zinc phosphite
structure (Figure 3.1c) templated by guanidinium cations containing polyhedral 12-rings
(window size: 7.7 × 8.9 Å2), is built up from a three-dimensional framework of vertexlinked [ZnO 4 ] and [HPO 3 ] building units encapsulating the extra-framework guanidinium
cations. The cations are located in the 12-R channels. It crystallizes in space group Fdd2
with 1 Zn and 1 P site.28 Both
crystal structure. Static

13

C and

31

P MAS NMR spectra are consistent with the
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Zn WURST-QCPMG NMR spectrum of ZnHPO 3 -CN 3 H 6

acquired at 21.1 T is shown in Figure 3.2c. The C Q value of 6.5 MHz is smaller than that
of NTHU-5. The Zn–O bond dispersion in [ZnO 4 ] tetrahedron in ZnHPO 3 -CN 3 H 6 is
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smaller (1.937–1.952 Å) than that of the Zn in NTHU-5 (1.902–1.953 Å), but the O–Zn–
O angle dispersion (96.4–117.3°) is much larger than that in NTHU-5 (104.8–115.9°). It
appears that the smaller bond distribution is responsible for the smaller C Q of Zn in
ZnHPO 3 -CN 3 H 6 . Such argument is confirmed by our theoretical calculations on a model
zinc phosphite, which shows that compared with the O–Zn–O angle, the Zn–O bond
length is a much larger contributing factor to the C Q (see below). The asymmetry
parameter (η Q = 1.0) is consistent with the low (2-fold) site symmetry at Zn. Attempt in
acquiring QCPMG spectrum at 9.4 T was also made, but no meaningful signal was
detected after 27 hours of acquisition.
The large unit cell (2,530 Å3) of ZnHPO 3 -CN 3 H 6 prevented us from calculating
the EFG tensor using the CASTEP code. Instead, the Gaussian calculations were
conducted on four model clusters, all of which are constructed according to the crystal
structure. In cluster I, the Zn centre is bonded to four [HPO 3 ] groups. Adding one and
two SDA molecules to cluster I leads to clusters II and III, respectively (Figure 3.7c).
Cluster IV is a much larger cluster used to examine the effect of cluster size. The
calculation results are summarized in Table 3.5. Although the calculations of four clusters
all overestimate the C Q value, they do not vary with the clusters examined significantly.
It seems that in this material, the SDA ions are relatively remote from the zinc centre and
therefore do not contribute to the EFG in a very significant way. The calculated C Q
values of the smallest (cluster I) and the largest cluster (cluster IV) are comparable,
indicating that the use of larger cluster is not necessary.
ZnHPO 3 -PIP and ZnHPO 3 -DMPIP. All three zinc phosphites discussed above
have three-dimensional frameworks. However, zinc phosphites generally exhibit a large
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structural diversity. In addition to three-dimensional framework, zinc phosphites with
one- and two-dimensional structure also occur frequently. In this work, two zinc
phosphites, namely ZnHPO 3 -PIP and ZnHPO 3 -DMPIP with two- and one-dimensional
structure, respectively, were also examined. ZnHPO 3 -PIP and ZnHPO 3 -DMPIP were
solvothermally synthesized in a mixed solvent of DMF (N,N’-dimethylformamide) and
DOA (1,4-dioxane) templated by different amines.31 They were both synthesized using a
similar procedure (the only difference is the SDA used), but their structures are
completely different. Using piperazine (PIP) in synthesis results in a material with an
empirical formula of [C 4 H 12 N 2 ] 0.5 [(CH 3 ) 2 NH 2 ][Zn 2 (HPO 3 ) 3 ] (denoted as ZnHPO 3 PIP). The structure contains protonated dimetylamine (DMA) resulting from the
decomposition of DMF. Protonated PIP and DMA both act as the SDAs as well as charge
balancing cations. The structure of ZnHPO 3 -PIP was determined by single crystal X-ray
diffraction. It has a two-dimensional lamellar structure (Figure 3.1d). Each layer contains
strictly alternating [ZnO 4 ] and [HPO 3 ] units forming 4- and 12-rings. PIP cation with a
“chair” configuration sits in the middle of the 12-ring window (10.8 × 7.2 Å2). There are
three non-equivalent P and two Zn sites in the unit cell. The interlayer space is occupied
by protonated DMA interacting with framework via hydrogen bonding. Existence of
three P sites is validated by the

31

P MAS NMR spectrum (Figure 3.3d) and

13

C MAS

spectrum confirms that both PIP and DMA are present (Figure 3.8d).
The static

67

Zn WURST-QCPMG NMR spectrum of ZnHPO 3 -PIP acquired at

21.1 T is shown in Figure 3.2d. The spectrum exhibits a typical quadrupolar line-shape
which can be well fitted using only one set of the EFG parameters with a non-axially
symmetric EFG tensor (C Q = 7.5(5) MHz, η Q = 1.0(1), δ iso = 105(20) ppm). Seeing only
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a single Zn pattern is inconsistent with crystal structure, which indicates the presence of
two non-equivalent Zn sites.
To understand the discrepancy, we carried out theoretical calculations. The unit
cell of ZnHPO 3 -PIP (unit cell volume: 740 Å3) is small enough for the CASTEP
calculations. The calculated EFG parameters based on the crystal structure for two sites
are the following: Zn1 C Q = 6.9 MHz and η Q = 0.96; Zn2 C Q = 8.9 MHz and η Q = 0.40.
The predicted C Q for Zn1 seems to match the measured value reasonably well. The
geometry of ZnHPO 3 -PIP structure was also optimized; the CASTEP calculations on
optimized structure yielded the following parameters: Zn1 C Q = 7.8 MHz and η Q = 0.96;
Zn2 C Q = 10.9 MHz and η Q = 0.26. The C Q of Zn1 in optimized structure matches the
measured value slightly better. The DFT calculations on a model cluster were also
performed (Figure 3.7d) and the results are shown in Table 3.5. The predicted Zn1 C Q =
7.3 MHz and η Q = 0.85; Zn2 C Q = 13.5 MHz and η Q = 0.47. This is the first zinc
phosphite which can be calculated by both the PAW and B3LYP hybrid DFT methods.
The EFG tensor parameters calculated from both methods are comparable. Based on our
limited experience, it appears that when PAW calculation cannot be performed due to the
constraint of computational resource, the cluster model approach may provide
comparable results. Both CASTEP and Gaussian calculations consistently predict that the
EFG at Zn1 is smaller than that at Zn2 and such a prediction is consistent with the crystal
structure, which shows that the O–Zn–O bond angle distortion and Zn–O bond length
dispersion are both larger for Zn1 (Table 3.3). A comparison of observed C Q and
calculated values also suggests that the experimentally observed 67Zn pattern is likely due
to Zn1. This argument is illustrated in Figure 3.11 where the calculated spectrum
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containing the patterns of both sites is compared to that observed experimentally. It
shows that the observed pattern matches the calculated pattern of Zn1. The intensity of
Zn2 spreads out in a wide frequency range, making this site less visible.

Figure 3.11. Calculated

67

Zn NMR spectra of ZnHPO 3 -PIP at 21.1 T. The EFG tensors used in the

simulations were taken from Gaussian cluster calculations.

When using dimethylpiperazine as a SDA, a different zinc phosphite,
[C 6 H 14 N 2 ] 0.5 [Zn(H 2 PO 3 ) 3 ]

(denoted

as

ZnHPO 3 -DMPIP;

DMPIP

=

N,N’-

dimethylpiperazine) with one-dimensional structure is formed. It is the first example of
neutral inorganic one-dimensional chain structure in metal phosphites prepared
solvothermally (Figure 3.1e). The adjacent neutral chains interact with each other via
hydrogen-bonding, extending the one-dimensional chain into two-dimensional layers.
The structure crystallizes in space group P2 1 /n with 1 Zn site and 2 P sites. 31P MAS and
13

C MAS spectra confirm the number of P sites and the existence of DMPIP (Figures 3.3e

and 3.8e).
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The static
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Zn WURST-QCPMG NMR spectrum of ZnHPO 3 -DMPIP is shown

in Figure 3.2e. The NMR parameters yielded via simulation are summarized in Table 3.4.
The B3LYP hybrid DFT calculations were performed on two molecular model clusters
(Figure 3.7e) and the results are shown in Table 3.5. Cluster I is a segment of the 1D
chain containing three Zn atoms. The calculated C Q of central Zn is 8.2 MHz, which is in
good agreement with the observed value (8.4 MHz). The crystal structure indicates that
the hydrogen bonding between the chain and the SDA molecule is strong. Thus, the
second cluster is constructed by including two DMPIP molecules. The calculated C Q of
this cluster is now underestimated by 25%. The relatively small unit cell volume (950 Å3)
permits the CASTEP calculation, yielding an underestimated C Q of 6.0 MHz. This result
matches that obtained from Gaussian calculations on cluster II. The geometry of the
structure was then optimized for the CASTEP calculation, leading to a set of much
improved EFG parameters which match experimental values well within the errors (Table
3.5). Table 3.3 indicates that the Zn–O distances in optimized structure are slightly longer
than those in literature structure. Perhaps, the optimized data better describe the true
structure.
Model cluster for zinc phosphites. For the five zinc phosphites examined, the
static 67Zn wide-line spectra are sensitive to the degree of distortion in [ZnO 4 ] tetrahedral
geometry. The measured C Q likely reflects the overall effect of many contributing factors
such as Zn–O distances, O–Zn–O and P–O–Zn angles. In an attempt to probe the
contributions from each individual parameter, we carried out additional B3LYP hybrid
DFT calculations on a cluster with a Zn centre tetrahedrally bound to four [HPO 3 ] group
(ZnO 4 P 4 O 8 H 4 2+) shown in Figure 3.12 by systematically varying a single parameter. The
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reason for choosing this cluster for examination is that from the discussion above, it
seems that in most cases such a cluster is adequate enough to yield a C Q comparable to
the measured value. Furthermore, since the focus here is on the trend of C Q as a function
of a structural parameter rather than the absolute value, such a cluster is sufficient and
therefore used to reduce the computational effort. The initial cluster was constructed
using the following parameters: the O–Zn–O angles are all perfect tetrahedral angles
(109.5°); all Zn–O–P angles 120°; all Zn–O bond distances 1.91 Å; all O–P bond
distances 1.76 Å; all P–H bond distances 1.40 Å. The calculated C Q of this cluster is 5.79
MHz. The fact that although all Zn–O bonds are equal and the O–Zn–O angles are all
perfect tetrahedral angles, the cluster still has a sizable C Q indicates that the atoms in the
2nd and 3rd coordination spheres do contribute to the EFG at the Zn nucleus.

Figure 3.12. Calculated 67Zn C Q values as a function of (a) a single Zn–O bond distance, (b) four Zn–O
bond distances, (c) a single O–Zn–O bond angle and (d) a single P–O–Zn bond angle.
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Table 3.6. Calculated 67Zn C Q values of zinc phosphite model cluster.
Figure 3.12a data

Figure 3.12b data
average

one O–Zn–

one P–O–

|C Q |

bond (Å)

(MHz)

1.71

28.32

101

7.77

105

2.84

1.73

25.66

102

7.22

110

3.22

1.75

23.12

103

6.68

115

3.59

1.77

20.69

104

6.16

120

3.90

1.79

18.37

105

5.67

125

4.18

1.81

16.16

106

5.22

130

4.43

1.83

14.06

1.83

5.23

107

4.80

135

4.65

1.85

12.05

1.85

5.03

108

4.47

140

4.84

1.87

10.16

1.87

4.84

109

4.22

145

5.01

1.89

8.40

1.89

4.64

110

4.07

150

5.14

1.91

6.81

1.91

4.46

111

4.02

155

5.23

1.93

5.95

1.93

4.30

112

4.09

160

5.28

1.95

5.14

1.95

4.14

113

4.26

165

5.27

1.97

4.36

1.97

3.99

114

4.53

1.99

4.39

1.99

3.85

115

4.88

2.01

4.87

116

5.31

2.03

5.44

117

5.78

2.05

6.00

118

6.31

2.07

6.55

119

6.85

2.09

7.10

120

7.42

bond (Å)

(MHz)

O bond
angle (deg.)

|C Q |

Figure 3.12d data

one Zn–O

Zn–O

|C Q |

Figure 3.12c data

(MHz)

Zn bond
angle (deg.)

|C Q |
(MHz)

The geometry of this initial cluster was then optimized and the relevant bond
lengths and angles are as follows: i) Zn–O lengths: 1.949, 1.957, 1.960 and 1.973 Å; ii)
O–Zn–O angles: 106.12, 109.20, 109.25, 109.82, 110.73 and 111.66°; and iii) P–O–Zn
angles: 151.49, 152.23, 153.97 and 155.75°. The calculated C Q of this optimized cluster
is 5.17 MHz. We then slightly compressed and stretched only a single Zn–O bond (Zn–

112
O1) from the initial value and calculated C Q as a function of this Zn–O bond distance.
The variation of the Zn–O bond distance covers the range found in the zinc phosphites
examined in this study (see Table 3.6 for data shown in Figure 3.12). Figure 3.12a shows
the variation of the C Q magnitude as a function of the Zn–O1 bond length. The change in
C Q near 1.95 Å is small and smooth, but the slope becomes much steeper when the bond
becomes significantly shorter. If all four Zn–O bonds are stretched or compressed
simultaneously by the same degree, the C Q value decreases monotonically with
increasing the Zn–O distance (Figure 3.12b). Despite that such a change is expected, the
result does show that the change in magnitude of C Q is relatively small. Figure 3.12c
shows that the calculated C Q value as a function of O1–Zn–O2 angle. The plot exhibits a
U shape with its minimum occurring at 111°. A comparison of Figures 3.12a and 3.12c
reveals that the effect of changing one Zn–O bond length on C Q is larger than that of
altering the O–Zn–O angle. We further examined the influence of the position of P atom
in the second coordination sphere on

67

Zn C Q by systematically varying the Zn–O1–P1

angle. Within the range of 105 to 165º, the C Q gradually increases with increasing the
Zn–O–P angle (Figure 3.12d). This can be partially understood by that a change in the
Zn–O–P angle alters the distance between central Zn atom and [HPO 3 ] group.
Overall, the calculations confirm that among others, Zn–O distances, O–Zn–O
and P–O–Zn angles all contribute to the observed C Q . However, the presence of a very
short Zn–O bond would dominate the EFG at Zn. For instance a 5% decrease in the Zn–
O1 bond of the model cluster from its initial value of 1.95 to 1.85 Å leads to a dramatic
increase in C Q by 134% (from 5.14 to 12.05 MHz), whereas a 5% change of O1–Zn–O2
angle from 106 to 101° results in a smaller, but still very significant increase in C Q by
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49% (from 5.22 to 7.77 MHz). The influence of Zn–O–P angle is much smaller (i.e., a
5% change in Zn–O1–P1 angle from 150 to 140° only leads to a change in C Q by 6%).
ZnPO-Li-ABW. In addition to zinc phosphites, we also examined one zinc
phosphate-based microporous material, lithium zinc phosphate (herein referred to as
ZnPO-Li-ABW), whose structure is shown in Figure 3.1f. The relevant structural data are
summarized in Tables 3.1 and 3.3. ZnPO-Li-ABW is the first microporous zinc
phosphate with zeolite-like topology discovered by Stucky and co-workers.27 The
structure of ZnPO-Li-ABW, obtained by Rietveld refinements using powder X-ray
diffraction data, consists of a fully ordered three-dimensional network of vertex-sharing
networks of [ZnO 4 ] and [PO 4 ] tetrahedral units surrounding 8-, 6-, and 4-ring windows
(Figure 3.1f),27 and is essentially an isostructural of the Li-A type zeolite LiAlSiO 4 .H 2 O.
The water molecule occupies the main 8-ring channels of the structure, as does the
oxygen atom of the water molecule in zeolite Li-A. The bridging oxygen atom is
trigonally coordinated, a situation not observed in either zeolites or AlPO 4 s. There are
only one unique Zn and one P site in the framework. The extra-framework Li cation is
located within the cavity.

31

P, 6Li and 7Li MAS spectra (Figures 3.3f and 3.13) clearly

show that there is a single P and Li site, which is consistent with the crystal structure.
We first acquired natural abundance

67

Zn static QCPMG spectrum of ZnPO-Li-

ABW at 9.4 T. Two piecewise frequency-stepped sub-spectra were collected (Figure
3.14a). The acquisition time for each piece was 93 hours. Figure 3.2f shows natural
abundance static 67Zn WURST-QCPMG spectrum of ZnPO-Li-ABW at 21.1 T, acquired
in only 2 hours. This demonstrates the advantage of performing the experiment at
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Figure 3.13. (a) 6Li MAS NMR spectrum of ZnPO-Li-ABW at 6 kHz. (b) 7Li MAS NMR spectrum of
ZnPO-Li-ABW at 8 kHz. Asterisks (*) indicate spinning sidebands.

ultrahigh magnetic field in reducing the experimental time. Unlike other spectra
presented earlier, in this case some CSA needs to be included in order to simulate the
pattern, indicating that the second-order quadrupolar and the chemical shift interaction
both contribute to the observed spectrum. The observed spectra at both fields can be well
simulated using one set of the NMR parameters: C Q = 9.0(3) MHz, η Q = 0.25(8), δ iso =
150(10) ppm, Ω = 50(20) ppm and κ = 1.0(1). The Euler angles used for simulation are
all zero.
The C Q value of 9.0 MHz is the largest among all the materials examined in this
study. The large C Q is presumably due to the existence of one very short Zn–O bond
(1.845 Å) relative to three others (1.966–1.983 Å). The asymmetry η Q parameter of 0.25
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Figure 3.14. Static

67

Zn QCPMG NMR spectra of ZnPO-Li-ABW at 9.4 T. Asterisks (*) indicate

interference from dc offset.

suggests non-axially symmetric EFG tensor, which is consistent with the fact that the Zn
atom sits at a general position. The spectra acquired at both fields have a good S/N ratio,
which allows us to determine whether or not a

67

Zn chemical shielding anisotropy is
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present. The analytically simulated WURST-QCPMG spectra with and without a 50 ppm
CSA (Figure 3.15) at 21.1 T confirms the presence of a small CSA. However, both
analytically and numerically simulated conventional QCPMG spectra with and without
the CSA at 9.4 T look very similar (Figure 3.14b). This is due to the fact that (1) the CSA
is proportional to the strength of magnetic field and (2) the second order quadrupolar
interaction is inversely scaled linearly with the applied field. The combination of the two
factors allows the small CSA to be observed at 21.1 T.

Figure 3.15. Simulation of static spectra acquired at 21.1 T for ZnPO-Li-ABW.

The unit cell of this material is relatively small, permitting the CASTEP
calculations to be performed. However, the calculations significantly overestimated the
sizes of both C Q (= 15.9 MHz) and CSA (Ω = 220 ppm). The B3LYP hybrid DFT model
cluster calculations (see Figure 3.7f) were also conducted. Two clusters were considered:
first one is Zn(PO 4 ) 4 10- and the second cluster includes extra-framework Li+ ions.
Gaussian calculations on these clusters also significantly overestimate the C Q and CSA
(Tables 3.5 and 3.7). The measured NMR parameters for this particular material are
reasonably accurate because (1) they were extracted from the spectra obtained at two
fields and (2) the QCPMG spectra at both fields are of relatively good quality. Thus, the
discrepancies between measured and calculated C Q and CSA values may be due to the
inaccuracy in crystal structure which was determined from powder X-ray rather than
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Table 3.7. Summary of all experimental and calculated CSA parameters for ZnPO-LiABW.
Methoda
Ω (ppm)b
κc

a

Experimental

50

1.00

CASTEP

220

0.85

CASTEP-optimized

111

-0.30

Cluster I (ZnO 4 P 4 O 12 10-)

238

-0.26

Cluster II (ZnO 4 P 4 O 12 Li 9 -)

254

-0.11

Basis set used for Gaussian cluster calculations: 6-311G* for Zn atoms, 6-311+G* for O atoms bonded

directly to Zn, and 6-31G* for other atoms. The chemical shift tensor is described by three principal
components (δ 11 , δ 22 , δ 33 ) such that: b Ω = δ 11 – δ 33 ; c κ = 3(δ 22 – δ iso )/Ω.

single crystal X-ray diffraction data. Therefore, the geometry of the structure was
optimized and the CASTEP calculations of optimized structure yield C Q (= 9.1 MHz) and
η Q (= 0.15), which are now in good agreement with the observed values. Comparing the
[ZnO 4 ] geometry between optimized and powder XRD structure (Table 3.3) reveals that
the O–Zn–O bond angle distribution is comparable in both structures. But in powder
XRD structure, there is an exceptionally short Zn–O bond (1.845 Å compared to the
rests: 1.966, 1.975, 1.983 Å) and it is this very short bond that leads to a highly
overestimated C Q . In the optimized structure, this bond becomes much longer (1.921 Å)
and is more comparable to three others: 1.964, 1.965 and 1.971 Å). In addition, the CSA
value is also improved significantly.

3.4 Conclusions
We have directly characterized the metal centre local environment in several
representative microporous zinc phosphites and phosphates by natural abundance

67

Zn

solid-state NMR at an ultrahigh magnetic field of 21.1 T. This work has demonstrated
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that observation of solid-state 67Zn wide-line NMR spectra of Zn-containing microporous
materials at natural abundance is feasible at very high magnetic fields. The observed
spectra are sensitive to the Zn local geometry and mostly dominated by the second-order
quadrupolar interaction with 67Zn quadrupolar coupling constant ranging from 2.4 to 9.0
MHz.
The NMR interaction parameters were calculated theoretically to reproduce the
experimental results and, in some cases, to assist in spectral assessments. For three
materials investigated, since their unit cell sizes are relatively large (>1,000 Å3) the
CASTEP calculation cannot be carried out simply due to the limitation of the
computational resources available to us. Instead, molecular model cluster approach was
used. The EFG parameters of the clusters were computed by using Gaussian 09 program.
The calculated C Q values generally are reasonably close to the experimental results.
The Gaussian calculation results of a model cluster bearing the general properties
of zinc phosphites indicate that the geometric parameters around Zn centres such as Zn–
O bond length, O–Zn–O and P–O–Zn angle all contribute to the C Q , but the Zn–O bond
length is the most dominant factor. Among all the materials investigated, there are only
three whose unit cell sizes are suitable for the CASTEP calculation. As reported by many
researchers,41-47 when the CASTEP calculations using the crystal structure available in
the literature do not reproduce the experimental results correctly, geometry optimization
can significantly improve the agreements between computed and observed value. This is
exemplified by ZnPO-Li-ABW.
In short, this work demonstrated that it is now possible to study Zn centre
environments in porous materials by 67Zn SSNMR at very high magnetic fields at natural
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abundance. It should also be pointed out that the sensitivity could still be an issue even at
21.1 T. The extremely low Zn concentration resulting from the very low density may
prevent one from obtaining the spectra with very high quality within a reasonable period
of time. Combination of 67Zn NMR data and theoretical calculations has the potential to
be used as a tool to characterize Zn containing materials with low Zn concentrations. For
example, this approach can be expanded to examine other important types of Zncontaining porous materials such as metal-organic frameworks (MOFs) and zinc
imidazolate frameworks (ZIFs).
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Chapter 4 Solid-state 17O NMR Spectroscopic Studies of the
Molecular Sieve of SAPO-34

4.1 Introduction
Zeolite molecular sieves are three-dimensional microporous aluminosilicate-based
framework materials containing regular channels and cavities with molecular dimensions.
Zeolites are widely used in industrial applications as ion-exchangers, sorbents and
catalysts.1,2

Unlike

zeolites

whose

frameworks

are

negatively

charged,

aluminophosphate-based materials3 (AlPO 4 -n) have neutral frameworks and hence
cannot be used as acidic catalysts.4 However, as Si atoms are introduced into the
framework (by substituting part of the framework P atoms), the resulting
silicoaluminophosphates5 (SAPOs) now have negatively charged frameworks. As a
result, SAPO-based materials have some Bronsted acid sites and, therefore can be used as
acidic catalysts.
One important aspect of studying zeolites, AlPO 4 - and SAPO-based molecular
sieves is to understand their binding of extra framework cations and adsorbed molecules.
In most cases, the adsorbed species often bind to the oxygen atoms. Therefore, a direct
probe on how these adsorbed molecules bind (both position and strength) is of particular
importance for one of the molecular sieves’ main applications as heterogeneous
catalysts.6-8 Solid-state NMR (SSNMR) spectroscopy is a powerful tool used to directly
characterize the bonding and geometry at a nucleus of interest, which provides key
information about its local coordination and electronic environment. In principle,

17

O
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SSNMR spectroscopy is an ideal tool to provide a probe of framework structure and
ordering due to the sensitivity of the quadrupolar and chemical shift interactions to the
local O environments. There are extensive literature reports on the solid-state

27

Al,

31

P

and 29Si NMR studies of microporous materials; however it is not the case for 17O NMR.
The reason is because

17

O, the only NMR-active isotope of oxygen, has a very low

natural abundance of 0.037 % and is a quadrupolar nucleus (I = 5/2) with a sizeable
nuclear electric quadrupolar moment (Q = -0.0256 × 10-31 m2). Moreover, the large
quadrupolar interactions make it difficult to record SSNMR spectra with enough
resolution in order to resolve chemically or crystallographically non-equivalent O sites.
17

Despite its very low inherent receptivity,

O SSNMR has been used to directly

probe the framework O sites in several different molecular sieve frameworks such as
zeolites, AlPO 4 s and related porous materials;9-29 for recent reviews on
readers are referred to references [6-8]. Early

17

O NMR, the

17

O NMR studies of zeolites (MAS and

static experiments) have demonstrated the sensitivity of

17

O quadrupolar coupling

constant, C Q , to the local O environment.9-11 Chemically distinct O environments such as
Al–O–Si, Si–O–Si and Al–O–P can be distinguished by their C Q values (Table 4.1);9,10,1315,19

however, unique crystallographic sites with similar chemical environments can not

usually be resolved by simple MAS experiments (due to overlap of multiple sites). The
introduction of high resolution techniques such double-angle spinning (DAS), doubleangle rotation (DOR) and multiple-quantum MAS (MQMAS) in the late 1990s has
renewed the interest in 17O NMR of microporous materials. These techniques have been
used to successfully acquire high resolution

17

O NMR spectra in a variety of zeolitic
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materials.12,14,17-23,29 When combined with ab initio calculations and computational
modeling, accurate prediction and assignment of multiple O sites can be achieved.20,27,28
Table 4.1. The C Q value ranges of 17O for chemically distinct O environments.
Fragments
Al–O–Al Al–O–Si Si–O–Si
P–O–H
Al–O–P
H–O–H
C Q range
1.0 – 4.0

3.0 – 4.5

4.0 – 5.5

~5.0

5.0 – 6.5

5.0 – 7.0

(MHz)

Among all SAPO-based catalysts, SAPO-34 is of particular importance. It has
been attracting much attention due to its very efficient and excellent performance (shapeselective) in catalytic conversion of methanol-to-light olefins (MTO).30-39 In a
commercial MTO process, methanol is first produced from coal or natural gas. SAPO-34based catalysts are then used to convert methanol to ethylene and propylene. The
structure, acidity and catalytic property of SAPO-34 depend on the content and
distribution of Si in the framework,40,41 which is related to the synthetic process (i.e., the
routes of crystallization and Si incorporation mechanisms) and the structure-directing
agent (SDA) used.42
Microporous AlPO 4 - and SAPO-based molecular sieves were originally prepared
with organic molecules (such as primary amines) used as their SDAs. SAPO-34 can be
crystallized in either trigonal or triclinic phases. In the trigonal phase, there are 1
tetrahedral (T) site and 4 O sites; in contrast, in the triclinic phase, there are 3 T and 12 O
sites. Pure trigonal SAPO-34 phase can be made by various different SDAs. For example,
Vistad et al. has shown that pure trigonal SAPO-34 can be synthesized using morpholine
as the SDA.43 On the other hand, pure triclinic SAPO-34 can not be synthesized.
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Synthesis of SAPO-34 in the presence of F- ions generally results in a mixture of trigonal
and triclinic phases.
In this work, a pure trigonal SAPO-34 molecular sieve synthesized under dry-gel
conversion (DGC) conditions was investigated. The results and discussion are divided
into two parts. In the first part, the framework O sites were characterized by 17O NMR.
As mentioned before, this is a challenging task due to many chemically and
crystallographically non-equivalent O sites present. For this reason, a combination of 17O
MAS, triple-quantum magic angle spinning (3QMAS) and several dipolar-couplingbased double-resonance techniques such as
resonance (TRAPDOR) and

17

17

O{27Al} transfer of population in double-

O{31P} rotational-echo double-resonance (REDOR) were

utilized in order to acquire high resolution 17O NMR spectra and select possible 17O–Al
and 17O–P connectivities.

Scheme 4.1. Schematic diagram of the Teflon-lined autoclave used for the synthesis of SAPO-34
molecular sieve.

In the second part of the work, the involvement of water during the formation of
pure trigonal SAPO-34 molecular sieve in DGC synthesis was also investigated by
monitoring the 17O incorporation at various stages of crystallization. DGC synthesis is an
alternative method developed for molecular sieve syntheses.44-56 It involves treating
predried reactive gel powder in vapor at elevated temperatures and autogenous pressures
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to form crystalline molecular sieves (Scheme 4.1). The initial predried gel powder
containing SDA is physically separated from a very small amount of water in an
autoclave prior to heating. Since the transformation from the initial dry-gel powder to
zeolite frameworks involves steam, understanding the role of water vapor is crucial in
order to study the crystallization processes under DGC conditions. For this reason, a
series of intermediate samples were prepared by placing the initial dry-gel prepared from
normal water (H 2 16O) in a Teflon cup and a small amount of 35%

17

O-enriched water

(H 2 17O) at the bottom of each autoclave as the source of vapor. The autoclaves were then
heated at 473 K for different lengths of time. Any

17

O signal in the solids must result

from the reaction with H 2 17O vapor since the initial dry-gel is physically separated from
H 2 17O before the heating process.

4.2 Experimental details
Sample Preparation. All the samples used in this chapter were kindly prepared
by Lu Zhang. The detailed procedures are described in the Appendix section.
Sample Purity. The identity and purity of the samples were checked by powder
X-ray diffraction (pXRD),

27

Al,

31

P, and

29

Si MAS NMR experiments. The pXRD

patterns were recorded on a Rigaku diffractometer equipped with a graphite
monochromator using Co Kα radiation (λ = 1.7902 Å). A scan was acquired between 5
and 65° (2θ) at a rate of 10°/minute using a step size of 0.02°. Energy dispersive X-ray
(EDX) analysis was performed on a LEO 1540XB field emission scanning electron
microscopy at Western Nanofabrication Facility in London, Canada.
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17

O Solid-State NMR Spectroscopy. Most

17

O solid-state NMR spectra were

acquired on a Varian Infinity Plus 400 WB (ν 0 (17O) = 54.2 MHz) spectrometer. A
Varian/Chemagnetics 4-mm HXY triple-tuned T3 MAS probe was utilized for all singlepulse MAS experiments (with proton decoupling), spinning at 12-15 kHz; while a
Varian/Chemagnetics 5-mm HFXY triple-tuned MAS probe was used for all REDOR
and TRAPDOR experiments, spinning at 10 kHz. REDOR57 and TRAPDOR58
experiments are rotor-synchronized double-resonance experiments designed to measure
the dipolar coupling between two unlike spins. This technique involves two experiments
with the first one being a normal spin-echo (S 0 ) experiment on observing spin, acting as a
control experiment. In the second experiment (S), during the spin-echo, a series of 180°
pulses (every half rotor cycle) or a continuous irradiation (during the first half of the
dephasing time) are applied to the dephasing nucleus during the evolution period. The
echo intensity of these dipolar coupling-based experiments decreases due to nonzero
average of dipolar coupling compared to the normal spin-echo. The difference spectrum
(ΔS) is obtained by subtracting S from the S 0 , which is a measure of the dipolar coupling
between the two unlike nuclei. The difference between REDOR and TRAPDOR
experiments is the following: (i) REDOR is generally more effective when the dephasing
nucleus is a spin ½ nucleus and dipolar dephasing is achieved by applying a series of
180° pulses; (ii) TRAPDOR is used when dephasing nucleus is a quadrupolar nucleus
and instead of a train of 180° pulses, a continuous irradiation is applied during the first
half of the echo. A recycle delay of 0.5 or 1 s was used for all experiments.
Additional 17O solid-state NMR experiments were conducted at 21.1 T (ν 0 (17O) =
122.0 MHz) on a Bruker Avance II spectrometer at the National Ultrahigh-Field NMR
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Facility for Solids in Ottawa, Canada. Both single-pulse MAS and 3QMAS59 spectra
were acquired using a Bruker 4 mm H/X MAS probe. The 3QMAS experiments were
carried out by utilizing three-pulse z-filter sequence.60 The samples were spun at 16 kHz.
The single-pulse experiments were acquired with about 15 degree solid pulse to ensure
quantitative information of multiple sites in the samples. A 0.2 s recycle delay for single
pulse and a 0.75 or 1 s delay for 3QMAS experiments were used, and they are sufficient
enough to ensure full relaxation. Also, the effect of proton decoupling has been tested
using one of the samples and no obvious difference in the spectra was observed compared
to the one without proton decoupling.
The

O chemical shifts were referenced to H 2 O (δ iso = 0 ppm). The central

17

transition (CT) selective π/2 pulse lengths were determined on the above mentioned
compound. Detailed experimental conditions are listed as figure captions.
Other Multinuclear Solid-State NMR spectroscopy. All the

27

Al, 31P and

29

Si

MAS NMR spectra were acquired at 9.4 T on a Varian Infinity Plus 400 WB
spectrometer [ν 0 = 104.1, 161.7 and 79.4 MHz for

27

Al,

31

P and

29

Si, respectively].

Depending on the requirements of the individual experiment, four different NMR probes
(4, 7.5, 9.5 mm HXY triple-tuned T3 MAS probes, and a 5 mm HFXY triple-tuned MAS
probe) were used. Standard samples used for pulse calibration and chemical shift
referencing were Al(NO 3 ) 3 (1 M solution, δ iso = 0.0 ppm), ADP (NH 4 H 2 PO 4 , solid, δ iso
= 1.33 ppm, relative to 85% H 3 PO 4 in H 2 O) and TTMSS (tetrakis(trimethylsilyl)silane,
Si(Si(CH 3 ) 3 ) 4 , solid, δ iso = -9.8 ppm for high-frequency resonance relative to TMS in
CDCl 3 ) for

27

Al, 31P and

29

Si, respectively. A single-pulse or Hahn-echo sequence with
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proton decoupling was used in all experiments with a small (~ 20°) tip angle. The recycle
delays used were 1, 60 and 30 s for 27Al, 31P and 29Si, respectively.
NMR Spectral Simulations. All NMR parameters, including C Q , η Q , δ iso , Ω, and
κ, were determined by analytical simulations of NMR spectra using the WSOLIDS
simulation package.61 The experimental error for each measured parameter was
determined by visual comparison of experimental spectra with simulations. The
parameter of concern was varied bidirectionally starting from the best fit value and all
other parameters were kept constant, until noticeable differences between the spectra
were observed. The electric field gradient (EFG) tensor components (V XX , V YY , V ZZ )
were converted to the quadrupolar coupling constant (C Q ) and asymmetry parameter (η Q )
according to the following definitions: |V XX | ≤ |V YY | ≤ |V ZZ |, C Q = (eV ZZ Q/h) × 9.7177 ×
1021 (Hz), η Q = (V XX – V YY )/V ZZ , where e is the electric charge, Q is the nuclear
quadrupole moment and h is Planck’s constant. A conversion factor of 9.7177 × 1021 V
m-2 was needed to convert eQV ZZ to C Q (in Hz) due to V ZZ being calculated in atomic
units. The chemical shift (CS) tensor components are described by three principal
components (δ 11 , δ 22 , and δ 33 ) with Herzfeld-Berger convention: δ iso = (δ 11 + δ 22 +
δ 33 )/3, Ω = δ 11 – δ 33 , κ = 3(δ 22 - δ iso )/Ω.
Theoretical Gaussian 09 Calculations. Ab initio calculations on model clusters
were also conducted using Gaussian 09 program running on SHARCNET clusters
(www.sharcnet.ca). The

17

O NMR tensors were calculated using hybrid Density

Functional Theory (DFT) at B3LYP (Becke’s 3-parameter hybrid density exchange
functional with the Lee, Yang, and Parr correlation functional) level of theory using the
GIAO method. The basis sets used were 6-311++G** applied on all atoms. All model
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clusters for SAPO-34 calculations were truncated from its framework structure. A total of
12 H atoms were added to terminate the clusters by replacing the next T site coordinated
to corresponding O atom while keeping the same geometry (O–H bond distance = 0.92
Å). The NMR tensor parameters were then extracted from the Gaussian output using the
EFGShield program.62 Calculated 17O isotropic chemical shielding (σ iso ) values for all
SAPO-34 clusters were converted to the corresponding chemical shift (δ iso ) values by
using the oxygen in carbon monoxide (CO) as a secondary reference (relative to liquid
H 2 O). The equation used was the following: δ iso = 287.5 – σ iso (all in ppm), where 287.5
ppm is the absolute shielding value of liquid H 2 O (δ iso = 0 ppm), or the sum of
experimental chemical shift of CO (350.2 ppm) and the absolute shielding value of CO (62.7 ppm).63,64

4.3 Results and discussion
The data for pure trigonal SAPO-34 are presented along with the interpretation of
the solid-state 17O NMR results. As mentioned before, the results and discussion section
are divided into two parts. In the first part, the framework O sites were characterized, and
then the role of water vapor in crystallization under DGC conditions was investigated by
monitoring 17O incorporation during various stages of crystallization through a series of
intermediate samples.
Characterization of framework O sites. Our first goal is to characterize the local
structures of the framework O sites in the pure trigonal SAPO-34 sample through various
NMR techniques. The results are then used as a reference point for characterization of
other intermediate samples. The framework structure of trigonal SAPO-34 has CHA
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(chabazite) topology with R -3 space group (no. 148).65 The structure can be described as
double six-membered rings (D6R) joined together through four-membered rings (4R),
resulting in a 3D structure with ellipsoidal CHA cages (Figure 4.1). These cages can be
accessed through eight-membered ring (8R) windows with pore diameter of ~0.38 nm.

Figure 4.1. (a) Framework structure of SAPO-34, viewed along a-axis. (b) One CHA cage.

The crystal structure, determined by single-crystal diffraction,65 reveals that there
are two T sites and four crystallographically distinct O sites. The T1 site is fully occupied
by Al, while the T2 site is occupied by 78% P and 22% Si. Indeed, our powder X-ray
diffraction pattern,

27

Al,

31

P and

29

Si MAS spectra of the SAPO-34 (Figure 4.2) match

relatively well with the structure, confirming that the sample is trigonal SAPO-34. EDX
analysis was performed to obtain semi qualitative information on elemental composition,
and it reveals Si, Al and P content of about 19, 47 and 34 mol %, respectively, in the
trigonal SAPO-34. Furthermore, the (Si + P) / Al ratio is equal to 1.13, indicating that the
Si is incorporated through substitution mechanism (SM) II and III.41,42 This argument is

132
supported by the 29Si MAS spectrum of SAPO-34, which shows a strong resonance at -90
ppm due to Si(OAl) 4 environments and a broader and weaker one centered at -109 ppm
due to Si islands with Si(OSi) 4 environments in the framework structure.

Figure 4.2. (a) pXRD pattern, (b) 27Al, (c) 31P and (d) 29Si MAS spectra of trigonal SAPO-34. Number sign
(#) indicates a small amount of impurities, while asterisks (*) indicate spinning sidebands.

The framework O sites are directly probed by acquiring

17

O MAS spectra of

SAPO-34. Figures 4.3a and b show 17O MAS spectra of SAPO-34 at 9.4 and 21.1 T. In
both cases, the MAS spectra clearly show the existence of multiple

17

O sites. However,

no spectral assignment can be made due to the severe peak overlapping and the broadness
of the resonances. To acquire high-resolution

17

O MAS spectra, 3QMAS experiments

were performed. The 3QMAS spectrum of trigonal SAPO-34 at 21.1 T is shown in
Figure 4.3c. The anisotropic projection along F 2 dimension shows broad resonance due
to overlapping O sites. On the other hand, the isotropic projection along the F 1 (highresolution) dimension reveals four distinct signals with isotropic shift (δ 1 ) at 37, 45, 72
and 78 ppm. In addition, there are two broad weak signals centered at ~95 and 103 ppm.
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Figure 4.3. 17O MAS NMR spectra of trigonal SAPO-34 at (a) 9.4 T and (b) 21.1 T; (c) 17O 3QMAS NMR
spectra of SAPO-34 at 21.1 T. A total of 15,380 scans with a recycle delay of 1 s were acquired for (a);
30,720 scans with 0.2 s delay for (b). For 3QMAS spectrum in (c, left), a total of 2,880 scans and 48 slices
were acquired with a recycle delay of 0.75 s (total experimental time = 29 hours).

The

17

O slices taken through the isotropic peaks at 37 and 45 ppm can each be

well simulated using one set of EFG tensor parameters (for 37 ppm signal, C Q = 3.6(3)
MHz, η Q = 0.15(5) and δ iso = 33(5) ppm; for 45 ppm signal, C Q = 3.5(3) MHz, η Q =
0.10(5) and δ iso = 39(5) ppm). Based on the known C Q range values reported
previously,9,10,14 we tentatively assigned these two resonances to Al–17O–Si and Si–17O–
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Table 4.2. Experimental 17O NMR parameters obtained for trigonal SAPO-34 from the
simulation of MAS spectra at 9.4 and 21.1 T.
a) MAS at 21.1 T
Site

C Q (MHz)

ηQ

δ iso (ppm)

Intensity (%)

Al–17O–Si

3.5 (3)

0.15 (5)

32 (5)

9.80

Si–17O–Si

3.6 (3)

0.10 (5)

36 (5)

9.80

Al–17O–P

5.7 (3)

0.30 (5)

56 (5)

19.61

Al–17O–P

5.5 (3)

0.25 (5)

69 (5)

19.61

Al–17O–P

5.7 (3)

0.15 (5)

62 (5)

19.61

Al–17O–P

5.5 (3)

0.20 (5)

75 (5)

19.61

H–17O–H

5.1 (5)

0.20 (10)

65 (10)

1.96

b) MAS at 9.4 T
Site

C Q (MHz)

ηQ

δ iso (ppm)

Intensity (%)

Al–17O–Si

3.5 (3)

0.15 (5)

33 (5)

2.32

Si–17O–Si

3.6 (3)

0.10 (5)

39 (5)

2.32

Al–17O–P

6.1 (3)

0.25 (5)

60 (5)

23.26

Al–17O–P

5.7 (3)

0.25 (5)

81 (5)

23.26

Al–17O–P

6.2 (3)

0.15 (5)

66 (5)

23.26

Al–17O–P

5.7 (3)

0.20 (5)

87 (5)

23.26

H–17O–H

5.1 (5)

0.20 (10)

75 (10)

2.32

Si type fragments, respectively (this is also consistent with our

29

Si MAS spectrum and

17

O{27Al} TRAPDOR spectra, see below). The other two signals at 72 and 78 ppm can

each be fitted with two

17

O sites with very similar C Q values ~5.5 MHz, but slightly

different chemical shifts. Each signal was also simulated using only one 17O site, but the
agreement with the observed lineshapes is not as good as the one fitted with two sites (see
Appendix section, Figure 4.A1). As mentioned earlier, the structure of trigonal SAPO-34
has four unique crystallographic oxygen sites in Al–O–P linkages. The four C Q values
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derived from signals at 72 and 78 ppm fall within the range of Al–17O–P fragments.9,15
Therefore, they are assigned to framework Al–17O–P sites in SAPO-34. The broad signal
at around 95 ppm has a very low signal-to-noise (S/N) ratio, hence only an estimated C Q
value of ~5.1 MHz can be extracted (it is tentatively assigned to the water molecules
occluded in the pores15). The signal centered at around 103 ppm is responsible for the
broad bump seen on the MAS spectrum and is likely due to an amorphous impurity.
Using the parameters extracted from 3QMAS spectra, the MAS spectra were then
fitted with similar parameters in order to further extract relative intensities of the different
sites. Table 4.2 summarizes the NMR parameters and the relative intensities used in
fitting the MAS spectra at 9.4 and 21.1 T.
In order to further assign the resonances, computational studies were also carried
out. The Gauge-Including Projector Augmented-Wave (GIPAW) method implemented in
CASTEP code has been widely used to predict EFG properties in periodic solids.66-70
However, the computing power required for the CASTEP calculation increases with
increasing unit cell sizes. The unit cell of the SAPO-34 is rather large (2,450 Å3) which
precludes us from performing CASTEP calculations using the available computational
resources. Instead, hybrid density functional theory (DFT) method at B3LYP level
implemented in Gaussian was used to calculate the EFG tensors. The cluster approach is
computationally more expedient and has been widely and successfully applied to various
materials with two- and three-dimensional structures.71-75 In particular, model cluster
calculations have been extensively utilized to study different zeolites, a system closely
related to ours.20,27,28,76,77 Calculations on model clusters have been performed to gain a
better understanding of adsorption, acidity and catalysis in zeolites.13,74
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Two different model clusters, (Al 4 P 4 O 23 H 12 )2- and (Al 4 P 4 O 24 H 12 )4-, shown in
Figure 4.4a, were built by truncating the porous structure.65 The O atom of interest was
placed in the center of the cluster, and other atoms in the 2nd and 3rd coordination spheres
were included, to yield the Al–O–P clusters. In addition, Al–O–Si clusters (Figure 4.4b)
were also built by substituting one of the P atoms that is directly bonded to the center O
by Si atom in order to see the effect of Si substitution in SAPO-34 system. A total of 12
H atoms were added to terminate all the clusters by replacing the next T site coordinated
to corresponding O atom while keeping the same geometry (O–H bond distance used was
0.92 Å).

Figure 4.4. (a) Al–O–P clusters and (b) Al–O–Si clusters used in the SAPO-34 calculations. The clusters
on the left for (a) and (b) are for O1/O3, while the ones on the right are for O2/O4 sites.

Table 4.3. Calculated 17O NMR parameters obtained using both Al–O–P and Al–O–Si
clusters for four different unique crystallographic O sites in trigonal SAPO-34.
Al–O–P clusters
Assignment
Al–O–Si clusters
|C Q | (MHz)

ηQ

δ iso (ppm)

|C Q | (MHz)

ηQ

δ iso (ppm)

7.02

0.10

70

site O1

3.95

0.09

45

7.03

0.17

67

site O2

3.97

0.25

34

7.00

0.09

59

site O3

3.92

0.08

27

7.12

0.17

48

site O4

4.03

0.24

-20

Basis set used for Gaussian cluster calculations: 6-311++G** for all atoms.
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Table 4.4. Experimental 17O NMR parameters obtained for SAPO-34 from the
simulation of 3QMAS spectrum at 21.1 T.
Signal (δ 1 )a
Site
C Q (MHz)
ηQ
δ iso (ppm)b
signal #1 (37 ppm)

Al–17O–Si

3.5 (3)

0.15 (5)

33 (5)

signal #2 (45 ppm)

Si–17O–Si

3.6 (3)

0.10 (5)

39 (5)

Al–17O4–P

5.7 (3)

0.30 (5)

50 (5)

Al–17O2–P

5.5 (3)

0.25 (5)

61 (5)

Al–17O3–P

5.7 (3)

0.15 (5)

56 (5)

Al–17O1–P

5.5 (3)

0.20 (5)

67 (5)

H–17O–H

5.1 (5)

0.20 (10)

55 (10)

signal #3 (72 ppm)

signal #4 (78 ppm)
signal #5 (95 ppm)
a

obtained from the isotropic projection along F 1 dimension; b obtained from simulating the slices of the F 2

dimension.

The calculated EFG tensor parameters are summarized in Table 4.3. There are
several trends worth mentioning regarding the calculation results. First, the C Q (17O)
values of Al–O–P in the clusters are significantly larger than those of Al–O–Si, and this
trend is basis set independent. This result confirms our earlier assignments: Al–O–Si
fragments have relatively smaller C Q (17O) values compared to Al–O–P fragments.
Secondly, both O1 and O3 have similar calculated η Q values due to the fact that
they have the same connectivities. The same findings are true for O2 and O4. This result
enables us to assign signal #4 in 3QMAS spectrum with δ 1 of 78 ppm to O1 and O3 sites
based on the smaller η Q values (see Table 4.4). Similarly, signal #3 with δ 1 of 72 ppm is
assigned to O2 and O4 sites. The isotropic chemical shift (δ iso ) values also provide some
guidelines for spectral assignment. The calculated chemical shifts for Al–O–P clusters are
in the range of 48 to 70 ppm. However, the δ iso values in Al–O–Si clusters are relatively
more shielded compared to those in Al–O–P clusters (i.e., δ iso (Al–O–P) > δ iso (Al–O–
Si)). Therefore, this result is in agreement with our initial assignments. Furthermore, the
calculated shift values are also in the order of δ iso (O1) > δ iso (O2) > δ iso (O3) > δ iso (O4).
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Figure 4.5. 17O MAS NMR spectra of trigonal SAPO-34 at (a) 9.4 T and (b) 21.1 T, showing individual
contribution from each O site.

Based on this pattern, the Al–17O–P fragment with δ iso of 50 ppm from signal #3 is
further assigned to Al–17O4–P site (since it has the smallest δ iso value). In the same way,
the Al–17O–P fragment with δ iso of 67 ppm from signal #4 is also assigned to Al–17O1–P
site. Finally, Figure 4.5 illustrates the contributions of the individual O sites to the
observed

17

O MAS spectra of trigonal SAPO-34 at 9.4 and 21.1 T based on our

assignments (Table 4.2 lists numbers used in the simulation).
To further verify the assignments,

17

O{27Al} TRAPDOR and

17

O{31P} REDOR

experiments were carried out. TRAPDOR and REDOR experiments are useful because
they can distinguish chemically non-equivalent O environments by selecting possible O–
Al and O–P connectivities. Figures 4.6a and 4.6b display

17

O{27Al} TRAPDOR and

17

O{31P} REDOR spectra of trigonal SAPO-34 at 9.4 T. The spin-echo (S 0 ) and

difference (ΔS) spectra of

17

O{27Al} TRAPDOR look very similar, indicating that most

of the 17O sites are connected to Al. Indeed, the TRAPDOR difference spectrum can be
fitted with five 17O–Al sites observed in the MAS spectrum (that is, 4 Al–17O–P type and
1 Al–17O–Si type connectivities).
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Figure 4.6. (a) 17O{27Al} TRAPDOR and (b) 17O{31P} REDOR spectra of trigonal SAPO-34 at 10 kHz at
9.4 T. For (a), ten rotor cycle periods (corresponding to a dephasing time of 1 ms) were applied, a total of
52,552 scans were acquired with a recycle delay of 0.5 s. Similarly, for (b), fourteen rotor periods, 13,568
scans and 0.5 s recycle delay were used. (i)

17

O spin-echo (S 0 ); (ii) TRAPDOR/REDOR (S); and (iii)

TRAPDOR/REDOR difference (ΔS) spectra.

On the other hand, the 17O{31P} REDOR difference spectrum looks very different
from the 17O spin-echo. This indicates that some of the 17O sites in the MAS spectrum are
not within the approximate space of any P atoms. Using the same four sets of Al–17O–P
sites listed in Table 4.2, the ΔS spectrum can be well simulated. This confirms that the
other three species in the MAS spectrum are not coupled to P (i.e., Al–17O–Si, Si–17O–Si
and H–17O–H, respectively). In summary, through various

17

O NMR techniques, we

demonstrated that the local structures of the framework O sites in trigonal SAPO-34
sample can be characterized despite the presence of multiple overlapping peaks due to
many chemically and crystallographically non-equivalent O sites.
Monitoring the

17

O incorporation during various stages of crystallization. The

trigonal SAPO-34 examined above was prepared by dry-gel conversion (DGC) method.
As mentioned before, understanding the role of water vapor in the DGC synthesis is
crucial since water is involved directly in the transformation of predried gel powder to
zeolite framework structures. Through a series of intermediate samples, the

17

O

incorporation was monitored during various stages of crystallization process. The powder
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X-ray diffraction patterns,

27

Al,

31

P and

29

Si NMR spectra of selected SAPO-34

intermediate samples (together with the final product), shown in Figure 4.7, were
obtained in order to evaluate the long-range ordering and Al, P, Si local environments as
a function of crystallization time.
The XRD pattern of the initial dry-gel (Figure 4.7a) shows broad amorphous
halos. Upon heating for an hour, sharp reflections with a strong low-angle peak become
visible, indicating that the major component of the 1h sample is a layered material with
long-range ordering. After 4 hours of heating, the peaks due to this layered phase become
weaker and broader. It appears that the crystalline layered phase became semi-crystalline
upon heating.

Figure 4.7. (a) pXRD pattern, (b)

27

Al, (c)

31

P and (d)

29

Si MAS spectra of trigonal SAPO-34 and its

intermediate samples. Number sign (#) indicates impurities, while asterisks (*) indicate spinning sidebands.
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The

27

Al MAS spectrum of the initial dry-gel (Figure 4.7b) exhibits two strong

peaks at 42 and 6 ppm. The 42 ppm peak indicates the existence of tetrahedral Al
environment of Al(OP) 4 , while the 6 ppm peak is likely due to unreacted alumina.78,79
The intensity of the 6 ppm peak in the 1h sample is lower compared to that in the initial
dry-gel. To verify the nature of this 6 ppm peak,

27

Al{31P} REDOR experiment was

carried out. The REDOR difference spectrum of the 1h sample (Appendix section, Figure
4.A2) clearly shows only the tetrahedral Al peak at 42 ppm. This result confirms that the
6 ppm peak is indeed due to unreacted alumina with no P atoms in the second
coordination spheres.
To characterize the local environment around P atoms,
were obtained (Figure 4.7c). The

31

31

P MAS NMR spectra

P MAS spectrum of the initial dry-gel shows one

broad and overlapping peak centered around -10 ppm, consistent with the amorphous
nature of the sample. However, after an hour of heating, the spectrum shows one major
strong peak at -18 ppm and two shoulders with maxima of -19 and -21 ppm. This
indicates that the crystalline layered phase has, at least, three different P sites. Upon
further heating, these three peaks ultimately become a single peak at -18 ppm. The -18
ppm peak in the 4h sample is broader compared to that in the 1h sample, but is still
relatively narrow, implying that the 4h sample still maintains the ordered local P
environment despite losing some long-range ordering. Based on the chemical shift value
from previous work, the P atoms in the intermediates are not fully condensed.78,79
Finally, the 29Si MAS NMR spectrum of the initial dry-gel sample (Figure 4.7d)
displays only one peak with a maxima of -113 ppm, which can be assigned to amorphous
silica with Si(OSi) 4 environments. Upon an hour of heating, the spectrum did not change
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significantly, indicating that the vast majority of the silica has not started reacting and
that the layered phase is mainly AlPO 4 in nature. This result is consistent with our
previous work78,79 and is not surprising due to the lack of bulk water causing slow
dissolution of silica.
To directly probe the involvement of water in the DGC method,

17

O NMR

experiments were employed. Figure 4.8 shows 17O MAS NMR spectra of SAPO-34 and
its intermediates at two different magnetic fields. The

17

O MAS spectrum of the 1h

sample at 9.4 T shows one strong resonance at 24 ppm and a broader weak signal
centered at around 80 ppm. Similarly, the 17O MAS spectrum of the same sample at 21.1
T shows one main peak centered at 28 ppm.

Figure 4.8.

17

O MAS NMR spectra of SAPO-34 and its intermediate samples at (a) 9.4 and (b) 21.1 T.

Solid lines indicate experimental spectra while dotted lines indicate simulated ones. A total of 59,036 and
25,028 scans with a recycle delay of 1 s were acquired for the 1h and 4h samples, respectively, in (a).
Likewise, 61,440 scans with 0.2 s delay were acquired for both 1h and 4h samples in (b).

143

Figure 4.9. (a) 17O{27Al} TRAPDOR and (b) 17O{31P} REDOR spectra of SAPO-34(1h) sample spinning
at 10 kHz at 9.4 T. For (a), ten rotor cycle periods were applied, a total of 273,084 scans were acquired
with a recycle delay of 0.5 s. Similarly, for (b), ten rotor periods, 60,800 scans and 0.5 s recycle delay were
O spin-echo (S0); (ii) TRAPDOR/REDOR (S); and (iii) TRAPDOR/REDOR difference (ΔS)

17

used. (i)
spectra.

17

O{27Al} and 17O{31P} double-resonance experiments were performed on the 1h

sample (Figure 4.9). The

17

O spin-echo and

17

O{27Al} TRAPDOR difference spectra

(Figure 4.9a) again look very similar, indicating that the
intermediate sample are connected to Al. The

17

O incorporated in this early

17

O{27Al} difference spectrum can be

further fitted with two different O sites (the individual fitting is labeled red on the figure).
One oxygen-17 site with the following NMR parameters: C Q = 3.0(3) MHz, η Q = 0.40(5)
and δ iso = 34(5) ppm, corresponds to the major peak in the spectrum; while the other
oxygen-17 site [C Q = 2.5(3) MHz, η Q = 0.10(5) and δ iso = 0(5) ppm] is responsible for
the shoulder at a lower chemical shift. The

27

Al MAS spectrum suggests that the 1h

sample contains a small amount of unreacted alumina. Based on their EFG parameters,
the two

17

O–Al sites are assigned to

17

O(–Al) 3 and

17

O(–Al) 4 environments of

alumina.15,80 This result also suggests that Al–17O–P species are not yet present in the 1h
sample.
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In contrast, there is no signal observed in the

17

O{31P} REDOR difference

spectrum of the 1h sample (Figure 4.9b), indicating that none of the 17O signals seen in
the MAS spectrum is coupled to P (i.e., there are no P–17O–H and P–17O–Al species in
the MAS spectrum because the P–16O–H and P–16O–Al species have not exchanged with
17

O-enriched water yet). Using the two Al–17O–Al sites obtained from the TRAPDOR

data as the initial values, the 17O MAS spectra of the 1h sample at 9.4 and 21.1 T were
fitted. In order to fit the broader resonance at 80 and -15 ppm on the 9.4 and 21.1 T
spectrum, respectively, an additional 17O component had to be added with the following
NMR parameters: C Q = 5.5(3) MHz and η Q = 0.50(5). Since this broad signal did not
show up in either

17

O{27Al} TRAPDOR or

17

O{31P} REDOR difference spectrum, we

assign this broad resonance to the water molecules bound to the solids with restricted
mobility. In summary, the 17O NMR data show that, after heating the dry-gel powder for
an hour, the 17O-enriched water starts penetrating into the solids and replacing the water
molecules that are initially absorbed. The

17

O-enriched water vapor reacts with the

alumina first, and there are no cleavage of the Al–O–P linkage and oxygen exchange at
the P–O–H group occurred in this layered 1h sample.
After treating the initial dry-gel for 4 hours, the 17O MAS NMR spectrum of the
4h sample at 21.1 T (Figure 4.8b) looks very different from that of the 1h sample.
Compared to the 9.4 T spectrum, the spectrum acquired at 21.1 T exhibits better
resolution. However, the peak overlapping still precludes spectral assignment. To gain
further resolution, we acquired 17O 3QMAS spectrum of the 4h sample at 21.1 T (Figure
4.10). The isotropic projection along the F 1 dimension reveals three strong signals at 36,
82 and 101 ppm. In addition, there are two weak signals at 46 and 56 ppm. The NMR
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parameters were extracted by fitting the slices of the F 2 dimension and they are listed in
Table 4.5. Each resonance can be simulated using only one set of the EFG parameters,
giving rise to a total of five unique O sites.

Figure 4.10. 17O 3QMAS NMR spectrum of SAPO-34(4h) sample at 21.1 T. A total of 4,320 scans and 24
slices were acquired with a recycle delay of 0.75 s (total experimental time = 22 hours).

Table 4.5. Experimental 17O NMR parameters obtained for SAPO-34(4h) sample from
the simulation of 3QMAS spectrum at 21.1 T.
Signal (δ 1 )
C Q (MHz)
ηQ
δ iso (ppm)
signal #1 (36 ppm)

3.9 (3)

0.50 (5)

35 (5)

signal #2 (46 ppm)

4.1 (3)

0.75 (5)

41 (5)

signal #3 (56 ppm)

6.0 (3)

0.65 (5)

57 (5)

signal #4 (82 ppm)

5.7 (3)

0.50 (5)

70 (5)

signal #5 (101 ppm)

6.5 (5)

0.10 (10)

90 (10)
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Similar to the trigonal SAPO-34, we tentatively assigned the two resonances at 36
and 46 ppm to Si–17O–Si and Al–17O–Al type fragments, respectively, based on the
known C Q range values reported previously.9,10,14 The assignment for Si–17O–Si site was
supported by the 29Si MAS spectrum that indicates the presence of Si(OSi) 4 environment.
On the other hand, the Al–17O–Al site assignment was also confirmed by the presence of
alumina in the 27Al MAS spectrum. The other two 17O signals at 56 and 82 ppm can be
assigned to either Al–17O–P or P–17O–H linkage (see Table 4.1, further assignment
below). The last broad signal at around 101 ppm resembles the same lineshape as that of
the 95 ppm signal from the 3QMAS spectrum of trigonal SAPO-34, therefore, it is
assigned to 17O in water adsorbed in solids.15

Figure 4.11. (a) 17O{27Al} TRAPDOR and (b) 17O{31P} REDOR spectra of SAPO-34(4h) sample spinning
at 10 kHz at 9.4 T. For (a), ten rotor cycle periods were applied, a total of 20,000 scans were acquired with
a recycle delay of 0.5 s. Similarly, for (b), ten rotor periods, 23,400 scans and 0.5 s recycle delay were
used. (i)

O spin-echo (S 0 ); (ii) TRAPDOR/REDOR (S); and (iii) TRAPDOR/REDOR difference (ΔS)

17

spectra. The TRAPDOR difference spectrum in (a) were fitted using two components in a 1:0.6 ratio: C Q =
4.0 MHz, η Q = 0.65; δ iso = 57 ppm and C Q = 5.8 MHz, η Q = 0.10; δ iso = 74 ppm. On the other hand, the
REDOR difference spectrum in (b) were fitted using two components in a 0.65:1 ratio: C Q = 5.6 MHz, η Q
= 0.20; δ iso = 110 ppm and C Q = 4.7 MHz, η Q = 0.10; δ iso = 65 ppm.
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In order to do further spectral assignment,

17

O{27Al} TRAPDOR and

17

O{31P}

REDOR NMR spectra of the 4h sample were acquired at 9.4 T (Figure 4.11). The
17

O{27Al} TRAPDOR difference spectrum (Figure 4.11a) can be well fitted with two

different 17O–Al sites (see figure captions for NMR parameters). Likewise, the 17O{31P}
REDOR difference spectrum (Figure 4.11b) was also simulated with two different 17O–P
components.
It is noted that there is a common component with similar C Q value of around 5.617

O{27Al} and

5.8 MHz appear in both

17

O{31P} difference spectra. It is therefore

assigned to the oxygen site in Al–17O–P connectivity. Furthermore, this C Q value is also
consistent with our previous assignments of Al–17O–P fragments in the pure trigonal
SAPO-34. The other component in the 17O{27Al} difference spectrum is then tentatively
assigned to Al–17O–Al site since it has similar C Q value to signal #2 in the 3QMAS
spectrum. And finally, the second component in the

17

O{31P} difference spectrum

(corresponding to signal #4 in the 3QMAS spectrum) is due to P–17O–H linkage.
By using the NMR parameters extracted from the

17

O{31P} double-resonance spectra as starting values, the

17

17

O 3QMAS,

17

O MAS spectra at 9.4 and

21.1 T were then simulated in order to get the relative intensities of each
contribution from each

O{27Al} and

17

O site. The

17

O site is illustrated in Figure 4.12 (the parameters used for

simulations are listed in Table 4.6). Based on the

17

O NMR results, it seems that a

significant number of O atoms in P–O–H groups in the layered materials have exchanged
with the

17

O atoms from water vapor. In addition,

17

O atoms have now started to be

incorporated into the Al–O–P linkage in the layered intermediate.
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Figure 4.12.

17

O MAS NMR spectra of SAPO-34(4h) at (a) 9.4 T and (b) 21.1 T, showing individual

contribution from each O site.

Table 4.6. Experimental 17O NMR parameters obtained for SAPO-34(4h) sample from
the simulation of MAS spectra at 9.4 and 21.1 T.
a) MAS at 21.1 T
Site

C Q (MHz)

ηQ

δ iso (ppm)

Intensity (%)

Si–17O–Si

3.9 (3)

0.50 (5)

35 (5)

12.5

Al–17O–Al

4.0 (3)

0.75 (5)

39 (5)

12.5

Al–17O–P

5.6 (3)

0.20 (5)

60 (5)

25

P–17O–H

4.7 (3)

0.40 (5)

71 (5)

25

H–17O–H

6.5 (5)

0.10 (10)

100 (10)

25

b) MAS at 9.4 T
Site

C Q (MHz)

ηQ

δ iso (ppm)

Intensity (%)

Si–17O–Si

3.2 (3)

0.20 (5)

34 (5)

12.5

Al–17O–Al

4.0 (3)

0.70 (5)

51 (5)

12.5

Al–17O–P

5.8 (3)

0.10 (5)

73 (5)

25

P–17O–H

5.6 (3)

0.20 (5)

115 (5)

25

H–17O–H

7.0 (5)

0.10 (10)

125 (10)

25
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4.4 Conclusion
In conclusion, the local structures of the framework O sites in pure trigonal
SAPO-34 synthesized under dry-gel conversion (DGC) conditions were characterized
through various NMR techniques. By using a combination of

17

O MAS and 3QMAS

experiments, chemically and crystallographically non-equivalent O sites can be observed
individually. Gaussian model cluster calculation approach is proven to be very useful in
assisting in the spectral assignment.

17

O{27Al} TRAPDOR and

17

O{31P} REDOR

experiments were carried out to further verify the assignments by selecting possible 17O–
Al and 17O–P connectivities.
The present work also provides definite evidence for the direct involvement of
17

O-enriched water vapor during the crystallization process of trigonal SAPO-34 by the

DGC method. The initial dry-gel was amorphous in nature, and then became a layered
AlPO 4 phase during the first hour of heating. The 17O-enriched water started penetrating
into the solids and replacing the water molecules that were initially absorbed. The

17

O-

enriched water vapor reacted with the alumina first. Neither cleavage of the Al–O–P
linkage nor oxygen exchange at the P–O–H group occurred yet. The crystalline layered
phase transformed into a semi-crystalline phase upon four hours of heating. At this point,
it seems that a significant number of O atoms in P–O–H groups of the layered materials
have exchanged with the 17O atoms from water vapor. Furthermore, the 17O atoms have
now started to be incorporated into the Al–O–P linkage. Finally, the initial dry-gel
transformed into the framework structure after 2 days of crystallization time. The

17

O

atoms from 17O-enriched water got incorporated into all four unique crystallographic Al–
O–P sites as well as Al–O–Si and Si–O–Si linkages in the trigonal SAPO-34.
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4.6 Appendix
Sample Preparation. The synthesis of SAPO-34 molecular sieve was performed
according to the general dry-gel conversion technique described elsewhere.65,81 The
reagents used were pseudo-boehmite (Catapal-B, Vista, ca. 65% Al 2 O 3 ), H 3 PO 4 (EM
Science, 85%), morpholine (O(CH 2 CH 2 ) 2 NH, Aldrich), colloidal silica (Ludox LS-30,
Aldrich) and the remaining was distilled or 35%

17

O-enriched water. The initial gel

compositions (Al 2 O 3 : P 2 O 5 : SiO 2 : morpholine : H 2 O) were 1.0 : 1.0: 1.0 : 2.1: 60.
A typical procedure for the preparation of the dry-gel was the following: based on
the specific gel composition, a proper amount of Catapal B was mixed with distilled
water, and the mixture was stirred at room temperature for certain minutes followed by
adding H 3 PO 4 aqueous solution slowly with continuous stirring. The solution containing
certain proportions of colloidal silica, morpholine and some distilled water which was
also stirred for a couple of minutes at room temperature was then added to the above
mixture under vigorous stirring for homogeneity. The wet gel mixture was dried at 353 K
with constant stirring to allow evaporation of water until white solids formed. The solid
sample was then ground into fine powder (hereafter referred to as initial dry-gel) and
sealed in glass vials. A series of intermediates were prepared by placing 1.0 g of the
initial dry-gel powder into small Teflon cups. Each cup was placed in a 23-mL autoclave
with 0.3 g of 35%

17

O-enriched water at the bottom of the autoclave and heated in an

oven at 473 K. The reactions were quenched in cold water. All samples were kept in
sealed vials for further analysis.
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Figure 4.A1. Slices obtained from the 17O 3QMAS NMR spectra of SAPO-34 at 21.1 T, taken through the
isotropic peaks at a) 72 and b) 78 ppm. The figures compare the fitting using one (dotted, purple) and two
(dotted, black) Al–O–P sites. The dotted purple spectrum in (a) was fitted using: C Q = 5.4 MHz, η Q = 1.00
and δ iso = 60 ppm; while the one in (b) was simulated using: C Q = 5.7 MHz, η Q = 1.00 and δ iso = 66 ppm.

Figure 4.A2.

27

Al{31P} REDOR spectra of SAPO-34(1h) sample spinning at 10 kHz at 9.4 T. Six rotor

cycle periods were applied, a total of 1,100 scans were acquired with a recycle delay of 1s.
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Chapter 5 Solid-state 91Zr NMR Characterization of Layered and
3-D Framework Zirconium Phosphates
5.1 Introduction
Layered metal phosphates (MPs) of group 4, 14, 5 and 15 (M = Ti, Zr, Hf, Si, Ge,
Sn, Pb, V, Nb, etc.) have many current and potential applications in the areas of catalysis,
sorption, protonic conductors, solar energy storage, crystal engineering and, in particular,
ion exchange and intercalation.1,2 Since the first preparation of layered zirconium
hydrogen phosphate monohydrate (Zr(HPO 4 ) 2 .H 2 O; herein referred to as α-ZrP) and the
studies of their ion-exchange and intercalation properties,3-5 there has been a growing
research interest in the synthesis of other framework zirconium phosphate derivatives.
The structural diversity of zirconium phosphates encompasses the entire hierarchy
of open-framework structures including zero-, one-, two- and three-dimensional
structures.2 In almost all cases, zirconium generally adopts a six-coordinated octahedral
geometry with Zr in the +4 oxidation state. Furthermore, most 2D structures of the ZrP
family are generally related to either α-ZrP or γ-ZrP structures. The α-ZrP itself has a
layered structure with each layer contains a single sheet of Zr atoms (Figure 5.1). Each Zr
atom is octahedrally coordinated to six O atoms belonging to six [PO 4 ] tetrahedra; each P
atom is tetrahedrally coordinated to one hydroxyl oxygen and three other O atoms shared
with three different ZrO 6 octahedral units.
The ion-exchange and intercalation behaviors of α-ZrP have been widely studied,
including ion-exchange towards alkali, alkaline earth, transition metal and halides ions;610

and intercalations of larger guest molecules such as alkyl, aromatic and heterocyclic
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Figure 5.1. (a) The framework structure of α-ZrP. (b) Zr(OP) 6 fragment in α-ZrP.

amines.1 The exchange of ions in and out of the interlayer spacings is usually studied by
monitoring the replacement of protons by the metal ion of interest via titration, which
displays hysteresis indicating the difference between the forward and reverse processes.
One of the important biological applications of this ion-exchange process is the removal
of ammonia and ammonium ions from blood during assisted dialysis of kidney patients.11
Characterization of ZrP-based materials is important because understanding the
relationship between the novel properties of these materials and their structures is crucial
for developing new uses and for improving their performances in current applications.
However, obtaining suitable single crystals is difficult, and therefore, structural
information for many layered metal phosphates has by necessity been derived from much
more limited powder XRD data. In addition, the ion-exchanged phases and intercalated
hosts of these metal phosphates are not usually well characterized. Structure
determination of such phases is often difficult due to their reduced crystallinity during the
ion-exchange process or the insertion of guest species. In the past, ZrP-based materials
have only been characterized by 1H and 31P MAS NMR, but their metal centers have not
been probed directly by solid-state NMR. This is because

91

Zr, the only NMR-active
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isotope of zirconium, is a quadrupolar nucleus (I = 5/2) with inherent low sensitivity [due
to its low gyromagnetic ratio (γ = -2.4975 × 107 rad T-1 s-1), low natural abundance (11.23
%) and moderately sized quadrupole moments (Q = -0.176 × 10-28 m2)12], yielding broad
patterns that make them difficult to be detected by NMR. Consequently, the number of
reported 91Zr studies of solids in relatively small.13-18
By using sensitivity enhancement techniques for low-γ quadrupolar nuclei such as
Quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG) and related sequences,19-22 high
quality NMR spectra can be acquired to directly examine the local structure of the metal
centre in the layered MPs at high magnetic field strength of 21.1 T. The measured central
transition (CT) powder patterns and NMR tensor calculations yield important information
regarding the local bonding and geometry at the metal centers in the framework.
Performing NMR at higher magnetic field reduces the effects of second-order
quadrupolar broadening, and increases the population difference of the CT, therefore
improving the sensitivity.
In the last few years, our group has directly probed different metal centers in a
variety of metal phosphates using solid-state NMR spectroscopy, such as zirconium,14
titanium,23 niobium,24 vanadium,25 zinc,26 and magnesium.27 One previous study of
layered ZrPs and its related derivates has indicated that solid-state 91Zr NMR spectra are
sensitive not only to the relatively small distortion in ZrO 6 polyhedron but also to the
spatial arrangement of the P atoms in the 2nd coordination sphere (i.e., configuration or
geometry of Zr(OP) 6 units).14 To this effect, we would like to expand the study.
In the first part of this work, the local environments of the zirconium centers in
several ion-exchanged/intercalated derivatives (K+-, Li+-, Co(NH 3 ) 6 3+-) of α-ZrP have
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been probed directly using

91

Zr MAS, static Hahn-echo and/or QCPMG NMR. In the

second part, several representatives of other layered and 3D framework zirconium
phosphates (ZrPO 4 -DES8, ZrPO 4 -DES1, ZrPO 4 -DES2, ZrPOF-pyr, ZrPOF-Q1, ZrPOFEA and ZrPOF-DEA) that have many new potential industrial applications were also
examined. Examples of such applications includes catalysis for selective oxidation of
cyclohexane in ZrPO 4 -DES1 and ZrPO 4 -DES2,28 hydrogen storage in ZrPOF-pyr,29
photoluminescence in ZrPOF-Q1,30 and selective gas adsorption of CO 2 /CH 4 in ZrPOFEA.31 Theoretical calculations using the CASTEP and Gaussian model cluster approach
were also performed in order to provide insight into the observed spectra.

5.2 Experimental details
Sample Preparation. Ion-exchanged Li-, K-, and Co-ZrP. The ion-exchanged
phases of α-ZrP were prepared according to the following previously reported
procedures: K-ZrP,8 Li-ZrP7,32 and Co-ZrP.10 Preparation of initial α-ZrP gel. 8.05 g of
zirconium oxychloride (ZrOCl 2 ·8H 2 O) was added into a 200 mL of 3 M HCl solution.
Then, a mixture of 115.2 mL of 3.32 M H 3 PO 4 , 50 mL of concentrated HCl and 35 mL
of water was added slowly to the zirconium oxychloride solution with stirring and the
gelatinous precipitates were allowed to stand overnight. They were then filtered, washed
with 2% H 3 PO 4 until free of chloride ion and given a final wash with distilled, deionized
water multiple times. Synthesis of α-ZrP. 7.5 g of wet ZrP gel was added into 105 mL of
8.4 M H 3 PO 4 solution. The precipitates were then heated with constant stirring and
refluxing for 4 days. They were then washed with distilled water several times. After
separation of the solids by centrifugation, the product was dried in air at room
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temperature. Preparation of K- and Li-ZrP ion-exchange. 0.6 g of α-ZrP was dissolved
in 120 mL of water. A solution of 0.1 M KOH/LiOH was added dropwise with stirring
(pH = 10-12) and the solution was allowed to sit for one day. They were then filtered,
washed three times with distilled water, and air-dried. Preparation of Co-ZrP
intercalation. 0.5 g of α-ZrP was dissolved in 100 mL of water. A solution of 0.025 M
Co(NH 3 ) 6 Cl 3 was added to the mixture, and were stirred under a reflux condenser for an
hour at 75°C (pH = 2.8-3.5). They were then filtered, washed three times with distilled
water, and air-dried.
Other layered and 3D framework ZrPO/ZrPOF. All the other zirconium
phosphate samples were also prepared according to the previously reported
procedures,28,30,31,33,34 and were kindly provided by Dr. Lei Liu and Prof. Jinxiang Dong
(Research Institute of Special Chemicals at Taiyuan University of Technology, China).
Sample Purity. 31P MAS NMR and powder X-ray diffraction were performed to
confirm sample identity and purity. Additional 13C, 19F and 6/7Li MAS NMR experiments
were also conducted (see Appendix for details). Powder X-ray diffraction experiments
were recorded on a Rigaku diffractometer equipped with a graphite monochromator using
Co Kα radiation (λ = 1.7902 Å). The step size used was 0.02o and scan range was from 5
- 65° (2θ) with a rate of 10°/minute.
91

Zr solid-State NMR Spectroscopy. Most

91

Zr solid-state NMR experiments

were conducted at 21.1 T (ν 0 (91Zr) = 83.72 MHz) on a Bruker Avance II spectrometer at
the National Ultrahigh-Field NMR Facility for Solids in Ottawa, Canada. All the MAS
spectra were acquired using a single-pulse and/or quadrupolar echo sequence with proton
decoupling on either a Bruker 3.2 or a 4 mm H/X MAS probe. For the 4 mm MAS probe,
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silicon nitride rotors were utilized to avoid Zr background signal; however, for the 3.2
mm one, only ZrO 2 rotors were available, so background subtraction was necessary. All
static experiments were performed using WURST-QCPMG22 and/or quadrupolar echo
sequence on a home-built 7 mm H/X low-gamma probe with the samples being packed in
a 7 mm glass tube. One additional

91

Zr static NMR spectrum of ZrPO 4 -DES1 was also

acquired on a Varian Inova 600 (ν 0 (91Zr) = 55.73 MHz) spectrometer. A 3.2 mm HXY
MAS probe was utilized, and the tightly packed powdered sample was sealed in 3 mm
outer diameter glass tube.
The 91Zr chemical shifts were referenced to either a solid BaZrO 3 (δ iso = 0 ppm)
or a concentrated solution of Cp 2 ZrCl 2 in CH 2 Cl 2 (as a secondary standard sample, δ iso =
-317.2 ppm, relative to BaZrO 3 ). The CT selective π/2 pulse lengths were determined on
the above mentioned compound; the pulse lengths ranged from 1.3 to 7.5 µs (with the
exception of a 50 µs pulse length in WURST-QCPMG experiments), depending on the
spectrometer, probe and pulse sequence used. A recycle delay of 0.5 or 1 s was used for
all the experiments. For QCPMG type experiments, the acquisition time (τ a ) for each
echo was adjusted to obtain a spikelet separation (1/τ a ) of 1000-5000 Hz. Detailed
experimental conditions are listed in Table 5.A1 in the Appendix section.
91

Zr NMR spectral simulations. All NMR parameters, including C Q , η Q , δ iso , Ω,

and κ (for definitions of these parameters, see theoretical calculations part), were
determined by analytical simulations of NMR spectra using the WSOLIDS simulation
package.35 The simulation error for each measured parameter was determined by visual
comparison of experimental spectra with simulations. The parameter of concern was
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varied bidirectionally starting from the best fit value and all other parameters were kept
constant, until noticeable differences between the spectra were observed.
Theoretical Calculations. CASTEP. First principles (ab initio) calculations
based on plane wave-pseudo potential Density Functional Theory (DFT) were conducted
using the CASTEP36,37 program setup of the Materials Studio graphical user interface.
The NMR module38-40 was used to calculate the electric field gradient (EFG) and
chemical shielding (CS) tensors. This program separates periodic structures into two
regions designated as atomic spheres and interstitial regions, using element specific
pseudopotentials to describe the former. The gauge-including projector augmented-wave
(GIPAW) method which uses pseudo potentials and plane wave basis sets to describe
three dimensional lattices in crystalline materials was utilized. Unit cell parameters and
atomic coordinates were taken from corresponding crystal structures.28,33,41 The
calculations were performed using ultra soft pseudopotentials generated from the “on-thefly” method implemented within the CASTEP. The Generalized Gradient Approximation
(GGA) with Perdew, Burke and Ernzerhof (PBE) functional42,43 was used and a planewave cut-off energy of 500 eV (medium basis set accuracy) was applied to all
calculations. Whenever appropriate, geometry optimizations were performed on H-only
atoms or all atoms using the same GGA approximation, PBE exchange-functional,
Monkhorst-Pack k-point grid spacings and cut-off energies as in the corresponding single
point energy calculations. The calculated EFGs (V XX , V YY , V ZZ ) were converted to the
quadrupolar coupling constant (C Q ) and asymmetry parameter (η Q ) according to the
following definitions: |V XX | ≤ |V YY | ≤ |V ZZ |; C Q = (eV ZZ Q/h) × 9.7177 × 1021 (Hz); η Q =
(V XX – V YY )/V ZZ , where e is the electric charge; Q is the nuclear quadrupole moment
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[Q(91Zr) = -0.206 × 10-28 m2]; and h is Planck’s constant. A conversion factor of 9.7177 ×
1021 V m-2 was needed to convert eQV ZZ to C Q (in Hz) due to V ZZ being calculated in
atomic units. The C Q values were calculated automatically from the EFG tensor by
CASTEP and adjusted accordingly using the appropriate quadrupole moments.12 The CS
tensor components are described by three principal components (δ 11 , δ 22 , and δ 33 ) with
Herzfeld-Berger convention: δ iso = (δ 11 + δ 22 + δ 33 )/3, Ω = δ 11 – δ 33 , κ = 3(δ 22 - δ iso )/Ω.
One of the three Euler angles, β, describes the angle between the two largest components
of the EFG and CS tensors (V ZZ and δ 33 ) and ranges from 0 to 180°.
Gaussian 09. Ab initio calculations on model clusters were also conducted using
the Gaussian 09 program44 running on SHARCNET clusters (www.sharcnet.ca). All
model clusters used in the calculations were truncated from the layered and framework
structures.28,30,31,33,34,41 This model cluster approach is computationally less expensive in
general, and has been shown to predict NMR tensors accurately when including atoms
within 2nd and 3rd coordination spheres.45-49 It is also suitable for exploring the
dependence of calculated interactions on local structural parameters, such as bond lengths
and angles. The

91

Zr NMR tensors were calculated using hybrid Density Functional

Theory (DFT) at B3LYP (Becke’s 3-parameter hybrid density exchange functional with
the Lee, Yang, and Parr correlation functional) level of theory using the GIAO method.
The basis sets used were Horn’s (17s11p8d) contracted to [12s7p4d] all-electron basis
set50 for Zr atoms and 6-311G** on the other atoms. The NMR tensor parameters were
then extracted from the Gaussian output using the EFGShield program.51 Calculated 91Zr
isotropic chemical shielding (σ iso ) values for all model clusters were converted to the
corresponding chemical shift (δ iso ) values by referencing it to α-ZrP: δ iso = 1545 – σ iso

163
(all in ppm), with 1545 ppm corresponding to the sum of the experimental shift value (385 ppm) and calculated shielding value (1930 ppm) of α-ZrP.

5.3 Results and discussion
All known crystal structures for most of the systems investigated in this study,
including K-ZrP, ZrPO 4 -DES8, ZrPO 4 -DES1, ZrPO 4 -DES2, ZrPOF-pyr, ZrPOF-Q1 and
ZrPOF-EA, are shown in the corresponding figures, and their relevant structural data are
summarized where necessary. The corresponding

91

Zr solid-state NMR spectra are

presented together with the discussion, and are illustrated in separated figures for each
system. The experimental spectra are displayed with solid lines, while simulated ones are
always shown with dotted lines in the same figures.

5.3.1 Ion-exchanged derivatives of α-ZrP
In the first section, three ion-exchanged derivatives of α-ZrP, namely K-ZrP, LiZrP and Co-ZrP, were investigated by 91Zr solid-state NMR. Figure 5.2 shows powder Xray diffraction patterns of α-ZrP and its ion-exchanged derivatives. The interlayer spacing
(d) increases as the metal ions that are replacing protons get larger (Table 5.1).
K-ZrP. K-ZrP is the potassium ion-exchanged form of α-ZrP. The protons from
the monohydrogen phosphate group can be half-exchanged or fully-exchanged. Even
though large single crystals of the parent α-ZrP can be prepared, as the layers expand to
accommodate metal ions, the crystals become disordered. The structure of K-ZrP
(obtained from both powder X-ray diffraction52 and later refined by neutron diffraction,41
shown in Figure 5.3a) crystallizes in space group P 2/c with 1 Zr, 1 K and 2 P sites. The
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Figure 5.2. Powder XRD spectra of ion-exchanged ZrP studied in this work. Asterisks (*) indicate
reflections from the initial α-ZrP phase.

Table 5.1. Comparison of α-ZrP and its derivatives with their interlayer spacings.
Sample

d (this work) (Å)

d (previous work )

Ref.

(Å)

% of ionexchanged

α-ZrP

7.52

7.56

a

N/A

Li-ZrP

10.25

10.1

b, c

100

K-ZrP

10.72

10.8

a, d

100

Co-ZrP

11.31

11.16

e

~30

List of references: (a) Clearfield, A.; Stynes, J. A. J. Inorg. Nucl. Chem. 1964, 26, 117; (b) Clearfield, A.;
Troup, J. J. Phys. Chem. 1970, 74, 314; (c) Alberti, G.; Constantino, U.; Allulli, S.; Massucci, M. A.;
Pelliccioni, M. J. Inorg. Nucl. Chem. 1973, 35, 1347; (d) Clearfield, A.; Duax, W. L.; Garces, J. M.;
Medina, A. S. J. Inorg. Nucl. Chem. 1972, 34, 329; (e) Hasegawa, Y.; Kizaki, S.; Amekura, H. Bull. Chem.
Soc. Jpn. 1983, 56, 734.
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powder XRD pattern (Figure 5.2) confirms that the K+ cations fully replaced the H+ ions
of the α-ZrP.8 The 31P MAS spectrum (Figure 5.4a) indicates two signals with a 2:1 ratio,
consistent with the structure proposed.

Figure 5.3. (a) The framework structure of K-ZrP (the grey balls are K+ cations). (b) Local environment
around Zr in K-ZrP [showing Zr(OPO 3 ) 6 14- fragment].

Figure 5.4.

31

P MAS NMR spectra of ion-exchanged ZrP derivatives at 9.4 T. Asterisks (*) indicate

spinning sidebands.
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Figure 5.5 illustrates the

91

Zr solid-state NMR spectra of K-ZrP at 21.1 T.

Spinning the sample at the magic angle averages out the

91

Zr chemical shift anisotropy

(CSA). The MAS spectrum exhibits a pattern due to the residual second-order
quadrupolar interaction, which can be well simulated with a single Zr site with the
following NMR parameters: C Q = 7.0(2) MHz; η Q = 0.60(10); δ iso = -385(5) ppm. To
obtain chemical shielding (CS) tensor parameters, the static spectra were acquired. Using
the parameters extracted from the MAS spectrum, the static spectra can be fitted with an
additional set of the CS tensor parameters [Ω = 200(10) ppm; κ = -0.9(1); β = 80(5)°].
The advantage of acquiring the spectrum using the WURST-QCPMG sensitivityenhancement pulse sequence can be seen clearly with the much shorter acquisition time
(~1 hour) compared to that of regular spin echo (18 hours). Both asymmetry parameters,
η Q and κ, are non-axial, suggesting that both the EFG and CS tensors do not have a
unique component, and are consistent with the Zr atoms sitting in general position.

Figure 5.5. 91Zr NMR spectra of K-ZrP at 21.1 T.
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Table 5.2. 91Zr NMR and distortion parameters of several layered ZrP materials.
Sample
α-ZrP
γ-ZrP
NH 4 -ZrP
Na-ZrP site 1
Na-ZrP site 2
K-ZrP
K-ZrP-opt
Li-ZrP
Co-ZrP
a

experimental NMR
CQ
δ iso
5.80
9.20
10.20
7.81
6.55
7.0
7.0
7.6
6.0

distortion parameter
DI
|Ψ|b
|α|c
a

Previous workd
-385
0.0069
-390
0.0296
-405
0.0463
-395
0.0340
-400
0.0202

0.1307
0.5590
0.8763
0.6418
0.3813

0.0255
0.0619
0.1115
0.0876
0.0962

This work
-385
0.0572
-385
0.0452
-380
0.0246e
-432
0.0104

1.0862
0.8558
0.4652
0.1957

0.2302
0.0570
0.0104
0.2397

DI or distortion index = (Σ|θ i – 90|)/12θ 0 , b |Ψ| or shear strain = (Σ|tan(θ i – 90)|), where θ i is the actual O–

Zr–O angle and the sum runs over 12 angles; c |α| or longitudinal strain = (Σ|ln(l i – l ave )|), where l i is the
actual Zr–O length and the sum runs over 6 bond lengths. See references: Acta Cryst. (1974). B30, 1195 for
DI; and Am. Mineral. (1973). 58, 748 for |Ψ| and |α|. d see Yan, Z.; Kirby, C. W.; Huang, Y. J. Phys. Chem.
C 2008, 112, 8575. e All values in italics were extrapolated from the fitting curves.

The isotropic chemical shift value of K-ZrP is identical to that of α-ZrP,14
suggesting that the Zr atoms are in similar chemical environments. A larger C Q value of
K-ZrP compared to that of α-ZrP (5.8 MHz), however, indicates that there is a larger
distortion on the ZrO 6 octahedral unit. A quick inspection of the structure data (Table
5.2) reveals that the degree of ZrO 6 distortion in K-ZrP is indeed larger than that in αZrP.
To better understand the effect of distortion of local symmetry on the EFG at the
Zr sites, computational studies were also carried out. The quadrupolar interaction is a
ground-state property, which is proportional to the inverse cube of the separation between
the nucleus of interest and charge density contributing to the EFG; therefore reflecting

168
local structure and symmetry at the nucleus probed. Recently the Gauge-Including
Projector Augmented-Wave (GIPAW) method has been implemented in the CASTEP
code.36 It employs periodic boundary conditions to fully account for the effects of the
crystal lattice and can be used to calculate the EFG tensors in periodical solids. As shown
in recent years, the GIPAW method is indeed a powerful tool to predict NMR properties
of solids and should be utilized wherever possible.
The relatively small unit cell of K-ZrP (~ 750 Å3) allows us to perform CASTEP
calculations using its neutron diffraction structure.41 The calculated C Q value is 30.24
MHz (Table 5.3), much larger than our experimental value (7.0 MHz). The fact that the
experimental value was consistently fitted by both MAS and static spectra using the same
set of numbers suggests that the NMR parameters extracted are indeed reliable. Thus, the
discrepancies may be due to the inaccuracy in the crystal structure which was determined
from neutron rather than single crystal X-ray diffraction data. When the geometry of all
the atoms is optimized, CASTEP calculation of the optimized structure gives C Q (= 8.40
MHz) and η Q (= 0.51 MHz), which are in good agreement with the observed values.
Comparing the ZrO 6 geometry between optimized and the initial neutron diffraction
structure (Table 5.4) reveals that the Zr–O bond length and O–Zr–O bond angle
distributions are much smaller in the optimized structure compared to the original one.
Furthermore, there are one exceptionally short (1.912 Å) and long (2.213 Å) Zr–O bonds
in the original structure, which is probably the reason why the calculated C Q is highly
overestimated. Perhaps the optimized data better describe the true structure.
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Table 5.3. Summary of the calculated and experimental NMR parameters for all systems
having one Zr site.
Methoda

|C Q | (MHz)b

ηQc

δ iso (ppm)d

7.0

0.60

-385

30.24

0.23

K-ZrP
Experimental
CASTEP-as-is
CASTEP-optimized-all-atoms

e

8.40

0.51

14-

Cluster I [Zr(OPO 3 ) 6 ]

27.93

0.20

-391

Cluster Ib [Zr(OPO 3 ) 6 14-] – CASTEP-opt-all

8.16

0.21

-423

Experimental

7.5

1.00

-407

CASTEP-as-is

5.70

0.67

5.58

0.62

7.07

0.06

-425

2.5

0.60

-371

CASTEP- H-added_as-is

10.53

0.56

CASTEP- H-added_optimized-H-only

8.81

0.46

CASTEP- H-added_optimized-all-atoms

15.58

0.88

8.48

0.04

-375

Experimental

7.8

0.65

-350

CASTEP- H-added_optimized-H-only

8.35

0.15

Cluster I [ZrF(OPO 3 ) 5 12-]

10.54

0.23

ZrPO 4 -DES8

CASTEP-optimized-H-only
14-

Cluster I [Zr(OPO 3 ) 6 ]
ZrPO 4 -DES1
Experimental

10-

Cluster I [ZrF 2 (OPO 3 ) 4 ]
ZrPO 4 -DES2

a

-368

Basis set used for Gaussian cluster calculations: (17s11p8d)[12s7p4d] for Zr atoms and 6-311G* for other

atoms. The EFG tensor is described by three principal components V JJ (J =X-Z), ordered such that |V ZZ | ≥
|V YY | ≥ |V XX |. b C Q = eQV ZZ /h; c η Q = (V XX – V YY )/V ZZ . dThe equation used was, δ iso = (1545 - σ iso ) ppm, with
1545 ppm corresponding to the difference between the experimental shift value (-385 ppm) and calculated
shielding value (1930 ppm) of α-ZrP. eThe values in red indicate the ones in best agreement with the
experimental values.
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Table 5.4. Summary of relevant bond distances and angles for the Zr-based materials.
Compound

Zr–O bond distances

O–Zr–O bond angles (degrees)

(Å)
K-ZrP (ZrO 6 )
K-ZrP (ZrO 6 ) –
CASTEP-opt

ZrPO 4 -DES8
(ZrO 6 )

ZrPO 4 -DES1
(ZrF 2 O 4-trans )

ZrPO 4 -DES2
(ZrFO 5 )

ZrPOF-pyr – site
1 (ZrO 6 )

ZrPOF-pyr – site
2 (ZrF 2 O 4-cis )

ZrPOF-pyr – site
3 (ZrFO 5 )
ZrPOF-Q1 – site 1
(ZrO 6 )
ZrPOF-Q1 – site 2
(ZrO 6 )
ZrPOF-Q1 – site 3
(ZrO 6 )
ZrPOF-Q1 – site 4
(ZrF 4 O 2 )

a

1.912, 2.012, 2.082,

81.0, 81.4, 83.1, 85.1, 88.8, 90.7,

2.123, 2.144, 2.213

92.4 (×2), 93.0, 94.4, 95.5, 102.8

2.035, 2.052, 2.067,

83.0, 83.1, 85.9, 87.2, 87.7, 89.7,

2.075, 2.098, 2.099

90.6, 90.9, 91.9, 94.1, 98.6, 99.3

2.035, 2.048, 2.050,

87.4, 87.6, 88.4, 88.8, 89.6, 90.3

2.069 (×2), 2.109

(×2), 90.4, 91.0, 91.7, 91.8, 92.8

2.052 (×2), 2.068 (×2);

88.5(×2), 91.5(×2); 87.9(×2),

2.009 (×2)a

89.5(×2), 90.5(×2), 92.1(×2)

2.047, 2.048, 2.056,

88.7, 89.1, 89.3, 89.6, 90.3, 90.5,

2.065 (×2); 2.016

90.7, 95.2; 86.8, 88.9, 89.9, 91.2

1.923, 2.009, 2.014,

86.2, 86.8, 87.1 (×2), 89.0 (×2),

2.046, 2.092 (×2)

89.2, 91.4 (×2), 92.8 (×2), 97.8

2.007, 2.060 (×2), 2.111;

90.5 (×2), 93.2 (×2), 94.3; 81.7,

1.947, 2.127

86.9 (×2), 88.6 (×2), 101.1; 82.9b

2.030, 2.066, 2.076 (×2),

86.9 (×2), 91.2 (×2), 92.1, 92.9,

2.161; 2.141

(×2), 98.3; 82.9, 86.8, 89.1 (×2)

2.030, 2.044, 2.050,

87.4, 87.9, 88.4, 88.5, 88.9, 90.0,

2.055, 2.057, 2.071

90.6, 90.7, 91.1 (×2), 92.1, 93.6

2.048, 2.054 (×3),

86.0, 87.3 (×2), 87.9, 88.8, 89.8,

2.056, 2.087

90.9 (×2), 91.9, 92.2, 93.0, 94.1

2.032, 2.043, 2.046,

86.5, 87.9, 88.8, 88.9 (×2), 89.0,

2.051 (×2), 2.067

89.9, 90.0, 90.2, 92.1, 93.2, 94.4

2.067, 2.085; 2.032,

95.2; 85.8, 87.4, 89.2, 90.1, 90.2

2.042 (×2), 2.050

(×2); 84.6, 88.5, 91.8, 93.5, 94.4

The numbers in italicized and blue indicate one F atom is involved instead of one O atom. bThe numbers in

italicized and red indicate two F atoms are involved instead of two O atoms.
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As an alternative to CASTEP, one can also use ab initio methods such as hybrid
DFT calculations using Gaussian on model clusters truncated from the framework in
order to calculate the EFG tensors around a particular nucleus. This approach is
computationally more expedient and has been widely and successfully applied to various
materials with two- and three-dimensional structures.45,47,49,53 Previous studies have
shown that EFG tensors can be calculated reasonably well when considering the 2nd and
3rd coordination spheres around a central metal ion.45-49 To test if the cluster approach can
be used as a viable alternative when CASTEP calculations are practically not feasible, we
built the cluster I (Figure 5.3b), Zr(OPO 3 ) 6 14-, truncated from the known K-ZrP structure.
In this cluster, the center Zr atom is connected to 6 tetrahedral PO 4 3- groups. The C Q
value obtained was 27.93 MHz, consistent with the overestimated value predicted by
CASTEP calculation using the original structure. Using the coordinates from the
CASTEP-optimized structure, the Gaussian calculation yielded a C Q value of 8.16 MHz.
This result confirms the optimized structure as the true structure. Both CASTEP and
Gaussian cluster calculations of either initial or optimized structure yield similar EFG
tensor parameters. This indicates that, based on our limited experience, when CASTEP
calculation cannot be performed due to the constraint of computational resources, the
cluster model approach may provide comparable results.
Correlation between

91

Zr NMR and structural parameters. Previous work

suggests that there is an empirical linear correlation between

91

Zr NMR parameters and

the structural parameters of zirconium phosphates.14 The structures of α-ZrP (parent
compound of the K-ZrP), γ-ZrP (another known phase of ZrP), NH 4 -ZrP (NH 4 + ionexchanged derivatives of α-ZrP) and Na-ZrP (Na+ ion-exchanged derivatives of α-ZrP)
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were taken from the literature, and the distortion parameters (DI, |Ψ| and |α|; see footnote
in Table 5.2 for definitions of each distortion parameter) were calculated for each system.
The values of their NMR parameters (C Q and δ iso ) were also directly taken from the same
work; and the results are summarized in Figure 5.6 (for actual numbers used, see Table
5.2).

Figure 5.6. Correlation between various experimental 91Zr NMR structural parameters.

Each correlation was established using five data points (three systems with 1 Zr
site and one system with 2 Zr sites). Two additional data points from K-ZrP (one from
the original structure, the other one from the optimized structure) were plotted on each
graph. In all three cases, it is evident that the point from the optimized K-ZrP structure
(labeled K-opt, empty diamond) fits better than does the one from the original structure
(labeled K).
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Li-ZrP. The structure of Li-ZrP, the lithium ion-exchanged form of α-ZrP, is still
unknown. Our powder XRD pattern confirms that the H+ ions have been fully replaced
by the Li+ cations32 (Figure 5.2) and the

31

P MAS and

6/7

Li MAS spectra (Figures 5.4b

and 5.7) show one signal each, indicating only one unique crystallographic P and Li site.

Figure 5.7. (a) 6Li and (b) 7Li MAS NMR spectra of Li-ZrP at 9.4 T spinning at 8 kHz. Asterisks (*)
indicate spinning sidebands from the satellite transition (ST).

To characterize the local Zr environment, we acquired solid-state

91

Zr NMR

spectra at 21.1 T (Figure 5.8). The MAS spectrum contains a small amount of impurity
(~15 %, based on deconvolution of the spectrum, probably arising from unreacted
starting material), indicated by a number sign (#) in the figure. The presence of these
minor impurities does not affect the appearance of the static spectra as the signal
belonging to Li-ZrP is much broader. The Li-ZrP only has a single Zr site. The larger
breadth of Li-ZrP’s

91

Zr spectra compared to that of K-ZrP suggests a more distorted

local environment around the Zr in the lithium exchanged phase. Indeed, the CT pattern
can be simulated without considering the contribution from the CSA, yielding a slightly
larger C Q value of 7.6(2) MHz and an isotropic chemical shift of -380(5) ppm. Using the
equations found in Figure 5.6, the distortion index, shear and longitudinal strains were
calculated to be 0.0246, 0.4652 and 0.0104, respectively (see Table 5.2).
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Figure 5.8. 91Zr NMR spectra of Li-ZrP at 21.1 T.

Previous ion-exchange studies of α-ZrP have shown that small alkali cations such
as Na+, K+ and Li+ are able to exchange with the H+ ions of α-ZrP at acidic pH values and
a high rate.6-8 The mechanism is thought to occur in two stages as follows: (i) The cations
(anhydrate or partially hydrated) initially displace the H+ from the P–OH groups of the
layers which are H-bonded to the water molecules. The H+ ions then bind to H 2 O
molecules forming H 3 O+, and diffuse out of the lattice under the influence of incoming
cations. Finally, the dehydrated cations occupy the positions in the lattice vacated by the
H 2 O molecules. (ii) The H 2 O molecules may diffuse back into the crystal lattice resulting
in subsequent rehydration of the cations. This eventually leads to an increase at the
interlayer distance and a formation of a new phase. In addition, the structural
rearrangement of the layers also results in disordering of the crystal lattice. Our

91

Zr

NMR data which suggests a more distorted ZrO 6 environments in the Li-ZrP, is
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consistent with the above mentioned mechanism. The small polarizing ability of Li+ ions
makes them bind stronger to the O atom in the ZrO 6 octahedral units, thus creating more
distortion.
Co-ZrP. The structure of Co-ZrP is also yet to be determined, but its structure is
often described as α-ZrP being intercalated with Co(NH 3 ) 6 3+. The ion-exchange and
intercalation studies of larger ions or molecules have shown that the extent of ionexchange or intercalation depends not only on the size of the ions, but also their heat of
hydration.4,5 It has also been demonstrated previously that the larger ions or molecules
replace the protons of α-ZrP at very slow rates due to the high activation energy required
for the expansion of the interlayer region. The powder XRD pattern of Co-ZrP indicates
that the intercalation is not 100% as there are some reflections from the initial α-ZrP
phase (indicated by * in Figure 5.2); the estimated percentage of intercalation completed
is approximately ~30%.10 As mentioned before, the low intercalation rate of Co(NH 3 ) 6 3+
molecules by α-ZrP is not solely due to the fact that they are too large to enter the
interlayer space, but also due to their relatively low heat of hydration. Our

31

P MAS

spectrum in Figure 5.4c shows three distinct resonances: the one at -20.5 ppm belongs to
the parent compound, while the other two at -22.1 and -22.8 ppm are assigned to the
intercalated phase.
Figure 5.9a displays solid-state 91Zr NMR spectra of Co-ZrP at 21.1 T. The MAS
spectrum can be fitted using two Zr sites with the following EFG parameters, Zr1 site: C Q
= 5.8(2) MHz, η Q = 0.27(10), δ iso = -385(5) ppm and Zr2 site: C Q = 6.0(2) MHz, η Q =
0.20(10), δ iso = -432(5) ppm. The Zr1 site is from the contribution of initial parent α-ZrP
phase (indicated by # in the figure), while the Zr2 site is due to the Co-ZrP. No CSA was
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necessary for the fitting of the static spectra, suggesting that the lineshape is again
dominated by quadrupolar interaction. By extrapolating the observed NMR parameters to
the corresponding structural parameters in Figure 5.6, the distortion index, shear and
longitudinal strains were found to be 0.0104, 0.1957 and 0.2397, respectively. The
91

NMR data suggests that the distortion of ZrO 6 unit in Co-ZrP is very similar to that in

α-ZrP. As illustrated in Figure 5.9b, the relatively large Co(NH 3 ) 6 3+ ions simply expand
the interlayer spacing and do not affect the ZrO 6 unit within the layer significantly.

Figure 5.9. (a) 91Zr NMR spectra of Co-ZrP at 21.1 T. (b) A diagram showing our proposed scheme in the
intercalation of Co(NH 3 ) 6 3+ ions within the layers of α-ZrP.

Summary of the ion-exchanged ZrP. Figure 5.10 illustrates a comparison
between of all the static solid-state

Zr NMR spectra of α-ZrP and its ion-exchanged

91

derivatives studied by our group at 21.1 T.
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Figure 5.10.

Zr static QCPMG NMR spectra of α-ZrP and its ion-exchanged derivatives at 21.1T. For

91

NH 4 -ZrP, no experimental QCPMG spectrum was available at 21.1T. The spectrum shown was simulated
using experimental NMR parameters obtained at lower fields reported earlier. Blue spectra indicate the new
ones acquired in this work.

The spectra are sensitive to the Zr local geometry and mostly dominated by the
second-order quadrupolar interaction. The observed C Q (91Zr) values are in the following
order: α-ZrP < Co-ZrP < Na-ZrP(site 2) < K-ZrP < Li-ZrP < Na-ZrP(site 1) < NH 4 -ZrP
(Table 5.2). When comparing all the alkali metal ions (Li+, Na+ and K+), it seems that the
smaller ions present result in a stronger electrostatic interaction with the oxygen in ZrO 6
octahedral facing the interlayer, hence larger a distortion around Zr atoms (and broader
experimental spectra). The empirical correlations between NMR parameters and various
structural parameters were used for obtaining partial structural information in Li-ZrP and
Co-ZrP, whose structures are not known.
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5.3.2 Other zirconium phosphate and zirconium phosphate-fluoride systems
In the second part of this work, several novel 2D and 3D zirconium phosphate and
phosphate-fluoride (ZrPOF) systems were also examined. Most zirconium phosphate
materials in the early days were generally synthesized hydrothermally or solvothermally
in the presence of various organic templates. Recently, ZrPs have been synthesized
ionothermally. Indeed, the synthesis of new open framework materials, including in some
zirconium phosphate and ZrPOF systems have been reported.28,30,31,33,34 These relatively
new framework systems have shown many new potential applications; a few recent
examples include catalysis for selective oxidation of cyclohexane,28 hydrogen storage,29
photoluminescence,30 and selective gas adsorption of CO 2 /CH 4 .31

Table 5.5. Structural data for all the ZrPO/ZrPOF materials investigated in this study.

Compound

Ref.

# of Zr sites;
Zr coordination (site
symmetry)

ZrPO 4 -DES8

39

1; ZrO 6 (C 1 )

2, 0

P 2 1 /c (no. 14)

1,060

ZrPO 4 -DES1

28

1; ZrF 2 O 4 (C i )

1, 1

P -1 (no. 2)

315

ZrPO 4 -DES2

28

1; ZrFO 5 (C 1 )

2, 1

C 2 (no. 5)

1,035

ZrPOF-pyr

44

3; 1 ZrO 6 , 1 ZrFO 5 ,
1 ZrF 2 O 4 (C s )

4, 2

P n n m (no. 58)

1,920

ZrPOF-Q1

30 4; 3 ZrO 6 , 1 ZrF 4 O 2 (C 1 )

6, 4

P -1 (no. 2)

1,980

ZrPOF-EA

31

12, 2

P b a m (no. 55)

4,895

The solid state

8; 4 ZrO 6 , 4 ZrFO 5 (C s )

91

# of P, F
sites

Space group

Unit cell
volume
(Å3)

Zr NMR studies from several representative zirconium

phosphates with known structures are discussed in the following section. The crystal
structures of these zirconium phosphate systems are known, except ZrPOF-DEA. The

179
first three systems discussed only have one unique crystallographic Zr site, which makes
spectral interpretation simpler; while the last three have multiple sites. Theoretical
calculations, as shown later, are very useful in helping us with spectral interpretation and
peak assignments.

Figure 5.11. The framework structure of all the ZrPO/ZrPOF materials studied. (a) ZrPO 4 -DES8, viewed
along b-axis, (b) ZrPO 4 -DES1, (c) ZrPO 4 -DES2, viewed along b-axis, (d) ZrPOF-pyr, viewed along c-axis,
(e) ZrPOF-Q1, viewed along a-axis, (f) ZrPOF-EA (The SDA molecules are not shown).
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Figure 5.12. Powder XRD spectra of all the ZrPO/ZrPOF materials studied in this work.
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Figure 5.14. 13C MAS NMR spectra of all the materials studied in this work
at 9.4 T. Asterisks (*) indicate spinning sidebands. References for 13C NMR
chemical shifts assignments: Piperidines (DMPIP in a): J. Am. Chem. Soc.,
1980, 102, 3698-3707; Pyridine and Quinoline (b and c): Spectral Database
Figure 5.13.

31

P MAS NMR spectra of all the ZrPO/ZrPOF materials

studied in this work at 7 or 8 kHz. Number signs (#) indicate impurities
present.

for Organic Compounds (SDBS), http://riodb01.ibase.aist.go.jp/sdbs/cgibin/cre_index.cgi; Acyclic and aliphatic amines (EA and DEA in d and e):
J. Am. Chem. Soc., 1973, 95, 3710-3718.
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ZrPO 4 -DES8. [C 6 H 16 N 2 ] 0.5 Zr(H 0.5 PO 4 ) 2 .H 2 O (designated as ZrPO 4 -DES8;
DES = deep eutectic solvent) is a layered zirconium phosphate, whose inorganic layer is
similar to that found in α-ZrP. Each Zr atom is coordinated to six oxygen atoms with each
O atom from a different [PO 4 ] group. The structure can be described as pillared α-ZrP
(Figure 5.11a) with 1,4-dimethylpiperazine (DMPIP) groups acting as the guest
molecules. The crystal structure, obtained by single-crystal X-ray diffraction, reveals a
space group of P2 1 /c with 1 Zr and 2 P sites.33 The powder XRD pattern (Figure 5.12a)
matches that reported in the literature; while the

31

P MAS spectrum in Figure 5.13a

shows two resonances with 1:1 ratio at -22 and -25 ppm, consistent with the structure.
The

13

C MAS spectrum (Figure 5.14a for peak assignment) confirms the identity of the

guest molecule and suggests that there is only one non-equivalent DMPIP molecule in the
unit cell.
Figure 5.15 shows solid-state 91Zr NMR spectra of ZrPO 4 -DES8 acquired at 21.1
T. The 91Zr MAS spectrum at 21.1 T was acquired by spinning the sample at 20 kHz in a
commercial 3.2 mm ZrO 2 rotor. The experiment was quite challenging and took about 16
hours due to the background signal from the ZrO 2 rotor used. After background
subtraction was performed, the MAS spectrum (Figure 5.15b) shows an asymmetric
quadrupolar lineshape fitted well with C Q = 7.5(2) MHz, η Q = 1.0(1) and δ iso = -407(5)
ppm. Static experiments were also acquired in order to extract the CS tensor parameters.
Even though the static spectra are dominated by the second-order quadrupolar interaction,
the relatively small contribution of the CSA (Ω = 90(10) ppm; κ = 0.9(1)) can not be
neglected as it is needed to fit the experimental spectra.
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Figure 5.15. 91Zr NMR spectra of ZrPO4-DES8 at 21.1 T. The top three spectra in (a) illustrate an example
of background subtraction performed due to signal coming from ZrO 2 rotor.

CASTEP calculation based on the crystal structure reported previously33 yields
the following EFG parameters: C Q = 5.70 MHz and η Q = 0.67 (Table 5.3). The predicted
C Q value is slightly underestimated, but in relatively good agreement with the
experimental value. The geometry of ZrPO 4 -DES8 was also optimized; the H-only
optimized structures do not give a significant improvement towards the agreement
between experimental and theoretical values. DFT calculation on the model cluster
Zr(OPO 3 ) 6 14- (similar to the one used for K-ZrP) shown in Figure 5.16a predicts a C Q
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value of 7.07 MHz, agreeing well with the experimental value. This confirms the validity
of the model cluster approach, which will be extensively used later for multiple site
assignments (see below).

Figure 5.16. All the different model clusters used for Gaussian calculations. (a) Zr(OPO 3 ) 6 14-, (b)
ZrF 2 (OPO 3 ) 4 10- (trans), (c) ZrF(OPO 3 ) 5 12-, (d) ZrF 2 (OPO 3 ) 4 10- (cis) and (e) ZrF 4 (OPO 3 ) 2 6-.

ZrPO 4 -DES1. [NH 4 ] 4 Zr(PO 4 ) 2 F 2 (denoted as ZrPO 4 -DES1) is another
zirconium phosphate made up of alternating octahedral [ZrO 4 F 2 ] and tetrahedral [PO 4 ]
units with a F/Zr ratio of 2.8. It has a chain structure with each of the four equatorial O
atoms from [ZrO 4 F 2 ] unit is connected to a [PO 4 ] unit (Figure 5.11b). The crystal
structure,28 revealing a space group of P-1, suggests that there is only one
crystallographically non-equivalent site for Zr, P and F. The 31P MAS spectrum (Figure
5.13b) of this material indicates one P signal, consistent with the structure. The powder
XRD pattern (Figure 5.12b) shows a highly crystalline sample. The

19

F MAS spectrum
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(Figure 5.17a) also indicates one isotropic signal at -23 ppm belonging to the terminal F–
Zr site.

Figure 5.17. 19F MAS NMR spectra of all the materials studied in this work at 9.4 T, spinning at various
speed (ν 0 ) indicated. Number signs (#) indicate isotropic chemical shifts, while the other unlabeled peaks
are spinning sidebands. For each compound, at least two spectra were acquired at different spinning speeds
in order to extract the isotropic chemical shifts. For (a), it seems that there is an additional isotropic
chemical shift on the baseline, however, it can not be identified. For (d), the individual F site can not be
resolved due to overlapping sites and large CSA.
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Figure 5.18. 91Zr NMR spectra of ZrPO 4 -DES1 at 14.1 and 21.1 T.

Figure 5.18 displays solid-state

91

Zr NMR spectra of ZrPO 4 -DES1 acquired at

14.1 and 21.1 T. The MAS spectrum acquired at 21.1 T exhibits a single sharp resonance.
The peak is very symmetric and narrow with a full width at half height (FWHH) of about
650 Hz, indicating a small quadrupolar interaction experienced by the Zr. The MAS and
static spectra at 14.1 and 21.1 T can be simulated by using one Zr site with the following
EFG parameters: C Q = 2.5(2) MHz; η Q = 0.60(10); δ iso = -371(5) ppm. The C Q value of
2.5 MHz is the smallest measured amongst all the systems examined in this study. The
relatively small C Q value implies that the EFG at the Zr in the [ZrO 4 F 2 ] octahedron must
be very small. However, the CASTEP and Gaussian model cluster (using the
ZrF 2 (OPO 3 ) 4 10- cluster shown in Figure 5.16b) calculations all consistently predict much
larger calculated C Q values (see Table 5.3).
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In order to investigate this discrepancy, we carried out the DFT calculations of the
Zr NMR tensors on a series of ZrF 2 (OPO 3 ) 4 10- clusters with slightly different

91

geometries. The geometry of the initial cluster was truncated from the crystal structure
with the following parameters (Table 5.4): Zr–O bond distances: 2.052 (×2), 2.068 (×2)
Å; Zr–F bond distances: 2.009 (×2) Å; O–Zr–O bond angles: 88.5(×2), 91.5(×2)°; and O–
Zr–F bond angles 87.9(×2), 89.5(×2), 90.5(×2), 92.1(×2)°. The crystal structure shows
that there is an inversion centre at the Zr atom. Keeping the Zr site symmetry into
consideration, several possible distortion models were considered by modifying two of
the following parameters simultaneously: (a) Zr–F bond, (b) Zr–O bond, (c) F–Zr–O
bond angle and (d) O–Zr–O bond angle.
Figure 5.19a shows the variation of the magnitude of C Q as a function of Zr–F1
bond length (see Table 5.6 for data shown in Figure 5.19). The plot exhibits a V shape
with its minimum occurring at 1.998 Å (0.011 Å shorter than the crystallographic
distance at 2.009 Å). The high sensitivity of the C Q value towards the distortion of the
ZrO 4 F 2 octahedron is reflected by a ~ 2 MHz change (from 8.48 to 6.34 MHz) in the C Q
value as the Zr–F1 bond length decrease by only about 0.011 Å. The absolute value
might be different depending on the choice of the basis set used, but the relative trend and
sensitivity of C Q value remains the same (we performed the same calculations using
different basis set and the data are not shown). When two Zr–O1 bonds are stretched or
compressed simultaneously by the same degree, a similar curve was observed (Figure
5.19b). However, this time the crystallographic Zr–O1 point at 2.068 Å is the minimum
point on the curve. Figure 5.19c shows the calculated C Q values as a function of F1–Zr–
O1 bond angle. A comparison of Figures 5.19a and c reveals that the effect of changing
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Zr–F bond length on C Q is larger than that of altering the F–Zr–O bond angle. We further
examined the influence of varying the O–Zr–O bond angle on 91Zr C Q values, and again,
a similar plot was observed (Figure 5.19d).

Figure 5.19. Calculated 91Zr C Q values as a function of (a) two Zr–F and (b) two Zr–O bond distances; (c)
two F–Zr–O and (d) two O–Zr–O bond angles. Dotted lines indicate crystallographic value.

Overall, the calculations confirm that Zr–F, Zr–O bond distances, F–Zr–O and O–
Zr–O bond angles all contribute to the observed C Q . However, the presence of a very
short Zr–F or Zr–O bond would dominate the EFG at Zr. For instance, a 5% decrease in
the Zr–F1 bond of the model cluster from its initial value of 2.009 to 1.900 Å leads to a
dramatic increase in C Q by 346 MHz/Å (from 8.48 to 46.21 MHz), whereas a 5% change
of Zr–O1 bond distance from 2.068 to 1.96 Å results in a comparably huge increase in
C Q by 323 MHz/Å (from 8.48 to 43.35 MHz). In addition, it seems like the effect of
substituting [PO 4 ] unit with F is not significant as both Zr–O and Zr–F affect in a similar
fashion. The influences of F–Zr–O and O–Zr–O bond angles are very akin to each other
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Table 5.6. Calculated 91Zr C Q values of zirconium phosphate model cluster for ZrPO 4 DES1.

Figure 5.19a data
two Zr–F
bond
(Å)

|C Q |
(MHz)

Figure 5.19b data
two Zr–O
bond
(Å)

Figure 5.19c data
two

Figure 5.19d data
two

|C Q |

F–Zr–O

|C Q |

O–Zr–O

(MHz)

angle

(MHz)

angle

(deg.)

|C Q | (MHz)

(deg.)

1.900

46.21

1.90

75.29

80

48.15

80

31.09

1.940

25.93

1.92

64.13

82

40.88

82

24.94

1.980

10.12

1.94

53.54

84

33.59

84

18.83

1.985

9.05

1.96

43.35

86

26.31

86

13.04

1.990

8.00

1.98

33.62

88

19.06

88.5*

8.48

1.995

6.95

2.00

24.35

90

11.85

90

9.87

1.996

6.75

2.02

15.53

92.1*

8.48

92

15.04

1.997

6.54

2.04

9.58

94

11.27

94

21.17

1.998*

6.34

2.068*

8.48

96

18.71

96

27.52

1.999

6.50

2.08

10.87

98

26.13

98

33.87

2.000

6.71

2.10

15.98

100

33.50

100

40.14

2.009

8.48

2.12

22.94

102

40.81

102

46.27

2.015

9.74

2.14

29.59

2.020

10.73

2.16

35.92

2.060

23.63

2.18

41.96

2.100

36.98

2.140

49.05

2.180

59.98

*The asterisk sign indicates a minimum point on the curve; while the numbers in blue indicate
crystallographic values.

as well (i.e., 5% change in F1–Zr–O1 angle from 92.1 to 88° leads to a change in C Q by
2.58 MHz/°, vs. 5% decrease in O2–Zr–O1 angle from 88.5 to 84° leads to a increase in
C Q by 2.3 MHz/°). But as mentioned before, they both are significantly smaller than to
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the contribution of Zr–F and Zr–O bond distances. In summary, the discrepancy in the
observed and calculated C Q value in ZrPO 4 -DES1 is likely due to a slight error in either
the Zr–O1 or Zr–F1 bond length in the crystal structure reported in the literature.
ZrPO 4 -DES2. [NH 4 ] 3 Zr(PO 4 ) 2 F (herein referred to as ZrPO 4 -DES2) has a very
similar composition to ZrPO 4 -DES1. However, at a different F/Zr ratio of 0.61, ZrPO 4 DES2 forms a layer-by-layer structure with each of the five O atoms in the octahedral
[ZrO 5 F] unit bonded to five [PO 4 ] units (Figure 5.11c). Its space group is C2 with 1 Zr
and 2 P sites.28 Our data (powder XRD – Figure 5.12c,

31

P NMR – Figure 5.13c,

19

F

NMR – Figure 5.17b) are in agreement with the crystal structure.

Figure 5.20. 91Zr NMR spectra of ZrPO 4 -DES2 at 21.1 T.

The solid-state 91Zr NMR spectra of ZrPO 4 -DES2 acquired at 21.1 T are shown in
Figure 5.20. They can be relatively well fitted with a single Zr site without the presence
of the CSA, suggesting that the spectra are dominated by the second-order quadrupolar
interaction. The NMR parameters extracted are the following: C Q = 7.8(2) MHz, η Q =
0.65(10) and δ iso = -350(5) ppm. The isotropic chemical shift value of -350 ppm is the
most shielded of all previously investigated systems in this work.
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The crystal structure of ZrPO 4 -DES2 reveals a unit cell volume of 1,035 Å3.28 It
is not feasible for us to run full geometry optimization (for all atoms). Moreover, the
proton’s (from the guest ammonium ions) coordinates were not resolved in the structure;
hence they are not available for calculations. We tried adding H atoms to the N of the
guest molecules (to form ammonium ions) and optimized its geometry. CASTEP
calculation on the H-added_optimized-H-only structure (Table 5.3) yielded a C Q value of
8.35 MHz, which is in relatively good agreement with the experimental C Q value.
Gaussian calculation using ZrF(OPO 3 ) 5 12- model cluster (Figure 5.16c) slightly
overestimates the observed C Q value, suggesting that the guest molecules might affect the
local environment around the Zr atoms.
ZrPOF-pyr. [(C 5 H 6 N) 4 (H 2 O) 2 ]Zr 12 P 16 O 60 (OH) 4 F 8 (designated as ZrPOF-pyr;
pyr = pyridine) is a 3-D open framework structure with 10-ring channels (Figure 5.11d),
made up from alternating octahedral [ZrO 6 ] and tetrahedral [PO 4 ] units. High-resolution
synchrotron powder XRD structure reveals a Pnnm space group with 3 Zr (one ZrO 6 , one
ZrO 5 F and one ZrO 4 F 2 ) octahedra, 4 P and 2 F sites.34 One F atom is shared between
ZrO 5 F and ZrO 4 F 2 octahedra, while the other terminal F atom is pointing towards the 10ring channel. The powder XRD pattern (Figure 5.12d) confirms the identity of the sample
used; while 31P, 13C and 19F MAS spectra (Figures 5.13d, 5.14b and 5.17c) clearly show
that there are 4 P sites, one non-equivalent pyridine molecule and 2 F sites (1 terminal F–
Zr at -32 ppm and 1 bridging F–Zr–F at -38 ppm) in the framework, respectively.
Figure 5.21a displays static
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Zr WURST-QCPMG and echo NMR spectra of

ZrPOF-pyr at 21.1 T. The breadth of the powder pattern spans more than 200 kHz, the
widest one observed in this study. This very broad pattern precludes us from acquiring
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any meaningful MAS spectrum as it is broader relative to the achievable spinning speeds
with the available MAS probes. The broad pattern results from the overlapping of three
chemically non-equivalent Zr sites. Fitting the static spectra with three Zr sites was
impossible due to the large number of NMR parameters required for simulation (3 sites,
each 8 variables, for a total of 24 variables).

Figure 5.21. 91Zr static NMR spectra of (a) ZrPOF-pyr and (b) ZrPOF-Q1 at 21.1 T.

CASTEP calculation was not an option for us as the unit cell of ZrPOF-pyr is
relatively large (1,920 Å3). Instead, DFT calculations on model cluster truncated from the
crystal structure were performed. Based on the previous discussion, Gaussian model
cluster calculation is a viable alternative to CASTEP calculation. The model clusters used
were [Zr(OPO 3 ) 6 14-], [ZrF 2 (OPO 3 ) 4 10-] and [ZrF(OPO 3 ) 5 12-] for Zr1, Zr2 and Zr3 sites,
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respectively (Figures 5.16a, d and c). It should be noted that while the clusters used for
Zr1 and Zr3 are similar to the ones used before, it is not the case for Zr2. There are two F
atoms bonded to Zr in both ZrPO 4 -DES1 and ZrPOF-pyr cases. However, in ZrPO 4 DES1, the F–Zr–F bond angle is ~180° (or “trans”); while in ZrPOF-pyr, it is closer to
90° (or “cis”, see Table 5.4). The calculated C Q values for Zr1, Zr2 and Zr3 are 36.00,
12.09 and 22.53 MHz respectively (Table 5.7). As demonstrated earlier, the presence of a
very short Zr1–O bond of 1.923 Å is the main reason why the calculated C Q value of Zr1
is the largest. The calculated spectrum with all the three sites in a 1:1:1 ratio is shown in
Figure 5.21a. It seems that the observed pattern may contain the signals due to Zr2 and
Zr3. The pattern of Zr1 is too broad to observe as it spreads out in a wide frequency
range, hence it is not clearly visible.
ZrPOF-Q1. [(C 9 H 8 N) 4 (H 2 O) 4 ]Zr 8 P 12 O 40 (OH) 8 F 8 (denoted as ZrPOF-Q1; Q =
quinoline), synthesized hydrothermally, exhibits a novel layered structure (Figure 5.11e).
It is similar to that found in α-ZrP (i.e., layer of [ZrO 6 ] units linked to one another via
corner sharing [PO 4 ] tetrahedral to form a layer with terminal P–OH on both sides). The
inorganic zirconium phosphate layers are separated by layers of quinolinium ions and
water molecules. The crystal structure, resolved by high-resolution synchrotron powder
XRD, suggests that there are three unique crystallographic [ZrO 6 ] sites.30 There is an
additional isolated [ZrO 2 F 4 ] octahedral unit anchored to the phosphate outer layers
(closest distance between two F atoms in adjacent layer is 3.1 Å), making it a “pseudo”3-D framework. The powder XRD data,

31

P,

13

C and

19

F MAS NMR spectra are

consistent with the structure (Figures 5.12e, 5.13e, 5.14c and 5.17d).
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Table 5.7. Summary of the calculated and experimental NMR parameters for all systems
having multiple Zr sites.
Methoda

|C Q | (MHz)b

ηQc

δ iso (ppm)d

ZrPOF-pyr
14-

[Zr(OPO 3 ) 6 ]

site 1

36.00

0.59

-345

[ZrF 2 (OPO 3 ) 4 10-]e

site 2

12.09

0.76

-340

site 3

22.53

0.16

-348

12-

[ZrF(OPO 3 ) 5 ]

ZrPOF-Q1
[Zr(OPO 3 ) 6 14-]

site 1

10.67

0.50

-408

14-

site 2

13.39

0.79

-413

14-

[Zr(OPO 3 ) 6 ]

site 3

16.34

0.43

-406

[ZrF 4 (OPO 3 ) 2 6-]

site 4

12.83

0.58

-342

[Zr(OPO 3 ) 6 ]

ZrPOF-EA
12-

[ZrF(OPO 3 ) 5 ]

site 1

14.05

0.70

-341

[ZrF(OPO 3 ) 5 12-]

site 2

20.29

0.09

-324

14-

site 3

8.34

1.00

-388

14-

[Zr(OPO 3 ) 6 ]

site 4

13.20

0.56

-394

[ZrF(OPO 3 ) 5 12-]

site 5

22.98

0.98

-334

site 6

23.69

0.57

-349

[Zr(OPO 3 ) 6 ]

site 7

10.24

0.50

-375

[Zr(OPO 3 ) 6 14-]

site 8

10.34

0.99

-349

[Zr(OPO 3 ) 6 ]

12-

[ZrF(OPO 3 ) 5 ]
14-

a

Basis set used for Gaussian cluster calculations: (17s11p8d)[12s7p4d] for Zr atoms and 6-311G* for other

atoms. The EFG tensor is described by three principal components V JJ (J =X-Z), ordered such that |V ZZ | ≥
|V YY | ≥ |V XX |. b C Q = eQV ZZ /h; c η Q = (V XX – V YY )/V ZZ . dThe equation used was, δ iso = (1545 - σ iso ) ppm, with
1545 ppm corresponding to the difference between the experimental shift value (-385 ppm) and calculated
shielding value (1930 ppm) of α-ZrP. eThe numbers in purple indicate the Zr sites that were observed
experimentally.

The static 91Zr WURST-QCPMG and echo NMR spectra of ZrPOF-Q1 at 21.1 T
are illustrated in Figure 5.21b. The spectrum does not have a distinct quadrupolar
lineshape, which likely results from overlapping of four Zr sites. Similar to ZrPOF-pyr’s
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case, CASTEP calculation was not possible due to its large unit cell. Gaussian model
cluster calculations were then performed on isolated Zr octahedral units for each site
truncated from the crystal structure. Figure 5.16a shows the model cluster used for
calculation of Zr1, Zr2 and Zr3 sites; while Figure 5.16e displays the [ZrO 2 F 4 ] octahedral
unit for Zr4. Table 5.7 summarizes all the calculated C Q values and it reveals that they
are relatively close to one another. Figure 5.21b compares the calculated spectra based on
three different scenarios: (i) if only Zr1 and Zr4; (ii) Zr1, Zr4 and Zr2; or (iii) if all four
Zr sites were observed. It seems that case (ii) is the most likely scenario as it gives a
better agreement with the measured spectrum; i.e., the observed pattern is due to Zr1, Zr2
and Zr4 sites. The absence of Zr3 is likely due to the fact that its pattern is too broad (C Q
= 16.34 MHz).
ZrPOF-EA and ZrPOF-DEA. [(C 2 H 8 N) 8 (H 2 O) 8 ]Zr 32 P 48 O 176 (OH) 16 F 8 (herein
referred to as ZrPOF-EA, EA = ethyl ammonium) is a novel 3-D framework structure
zirconium phosphate with small 7-ring (window size: 4.0 × 3.0 Å2) and 8-ring (window
size: 3.9 × 3.2 Å2) channels. This porous material is a promising size-selective molecular
sieve for CO 2 /CH 4 separation compared to other conventional 8-ring pore materials due
to its pore structure and polar –OH group directed into the pore channels.31 The structure,
solved by high-resolution powder XRD, consists of [41482] units arranged in a rectangular
array connected by [ZrO 6 ], [ZrO 5 F] and [PO 4 ] linkages.31 There are 8 unique
crystallographic Zr sites: four with [ZrO 6 ] octahedral and another four with [ZrO 5 F] units
in an exceptionally large unit cell volume of 4,895 Å3. The powder XRD pattern (Figure
5.12f) matches that reported in the literature, and the 13C MAS spectrum (Figure 5.14d)
shows that there are two unique ethyl ammonium ions in the unit cell. Even though our
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31

P MAS spectrum shows a broad distribution of signal due to the overlapping of all 12

sites (Figure 5.13f), the

19

F spectrum clearly shows two isotropic peaks (Figure 5.17e,

both belonging to two bridging F–Zr–F sites), consistent with the structure.

Figure 5.22. 91Zr NMR spectra of (a) ZrPOF-EA and (b) ZrPOF-DEA at 21.1 T.

Figure 5.22a shows MAS, static WURST-QCPMG and Hahn-echo NMR spectra
of ZrPOF-EA acquired at 21.1 T. The static spectra clearly show a distribution of
quadrupolar coupling constants across a relatively small range of ~60 kHz, due to the
overlap of multiple sites. The MAS spectrum measured is used to fit the EFG parameters
and assign multiple resonances. Table 5.7 lists all calculated EFG parameters for all 8 Zr
sites. Like in the case of ZrPOF-Q1, calculated spectra resulting from different number of
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Zr sites are presented in the Figure 5.22a; and it seems that only Zr3, Zr7 and Zr8 sites
were observed experimentally as the others were too broad and therefore less visible.
When diethyl ammonium chloride was used instead of ethyl ammonium chloride
in the DES mixture during synthesis, another framework structure, ZrPOF-DEA (DEA =
diethyl ammonium), was produced. The structure has not been resolved yet. The powder
XRD pattern and

31

P MAS spectrum of ZrPOF-DEA (Figures 5.12g and 5.13g) are

similar to those of ZrPOF-EA, indicating that their framework structure is similar.
However,

13

C MAS spectrum of ZrPOF-DEA shown in Figure 5.14e clearly shows the

presence of diethyl ammonium ions inside the framework, compared to EA in the ZrPOFEA case. Even though 19F MAS spectrum of ZrPOF-DEA (Figure 5.17f) also shows two
isotropic chemical shifts, their values (-26 and -36 ppm) are different than those of
ZrPOF-EA (-29 and -39 ppm). Compared to 91Zr static WURST-QCPMG NMR spectrum
of ZrPOF-EA at 21.1 T, the powder pattern of ZrPOF-DEA is definitely broader (Figure
5.22b). Further investigation is still needed. However, from the NMR data, we know that
(i) there are multiple Zr sites present, and they are in a more distorted environment
compared to those of ZrPOF-EA. Furthermore, (ii) there are at least 4 unique
crystallographic P sites. Finally, (iii) there is only one non-equivalent DEA molecule and
2 F sites in the unit cell.

5.4 Conclusions
In conclusion, we have directly characterized the local environment around Zr
metal centre in several representative layered and 3D microporous zirconium phosphates
by

91

Zr solid-state NMR at a high magnetic field of 21.1 T. The observed spectra are
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sensitive to the Zr local geometry and mostly dominated by the second-order quadrupolar
interaction. The empirical correlations between NMR parameters and various structural
parameters were used for obtaining partial structural information in Li-ZrP and Co-ZrP,
whose structures are not known.
The NMR interaction parameters were calculated theoretically using CASTEP
and Gaussian model cluster approach to reproduce the experimental results and, in some
cases, to assist in spectral assessments. Among all the materials investigated, there are
only four systems whose unit cell sizes are suitable for the CASTEP calculation. As
reported by many researchers, when the CASTEP calculations using the crystal structure
available in the literature do not reproduce the experimental results correctly, geometry
optimization can significantly improve the agreements between computed and observed
value. This is demonstrated by the case of K-ZrP.
The Gaussian calculation results of a model cluster bearing the general properties
of ZrPO 4 -DES1 indicate that the geometric parameters around Zr centres such as Zr–F,
Zr–O bond distances, F–Zr–O and O–Zr–O bond angles all contribute to the observed
C Q , but the Zn–F and Zr–O bond lengths are the more dominant factors.
For three materials investigated (ZrPOF-pyr, ZrPOF-Q1 and ZrPOF-EA), since
their unit cell sizes are relatively large (>1,500 Å3) the CASTEP calculation cannot be
carried out. Instead, the Gaussian cluster approach was successfully used to help us
assign multiple Zr sites. Combination of 91Zr NMR data and theoretical calculations has
the potential to be used as a tool to characterize many other Zr-containing materials.
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5.6 Appendix
Table 5.A1. Detailed 91Zr SSNMR experimental conditions.

Sample

K-ZrP

Li-ZrP

Co-ZrP

τa

τ1

τ2

τ3

τ4

(μs)

(μs)

(μs)

(μs)

---

77

---

---

---

10240

---

---

97

---

---

---

65536

1

1000

32

69

70

70

70

4096

500

1

---

---

77

---

---

---

49820

3

250

1

---

---

97

---

---

---

77824

static WURST-QCPMG

50

200

1

1000

32

69

70

70

70

8192

MAS echo 12.5kHz

3

500

1

---

---

77

---

---

---

10240

static echo

3

250

1

---

---

97

---

---

---

16384

static WURST-QCPMG

50

200

1

1000

32

69

70

70

70

2048

Type of exper iment

pulse
length
(μs)

SW
(kHz)

r ecycle
delay
(s)

(μs)

MAS echo 12.5kHz

3

500

1

---

static echo

3

250

1

static WURST-QCPMG

50

200

MAS echo 12.5kHz

3

static echo

M (# of
loops)

# scans
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202

Type of exper iment

pulse
length
(μs)

SW
(kHz)

r ecycle
delay
(s)

τa

(μs)

M # of
loops)

(μs)

(μs)

(μs)

(μs)

# scans

MAS echo 20kHz

2

500

1

---

---

48

---

---

---

56108

static echo

2

250

1

---

---

97

---

---

---

6600

static WURST-QCPMG

50

500

1

200

32

29

30

30

30

256

MAS 1 pulse 20kHz

2

50

1

---

---

---

---

---

---

4096

static echo

2

250

1

---

---

97

---

---

---

989

static QCPMG (14.1 T)

7.5

250

0.5

936

16

45

45

45

45

111088

MAS 1 echo 20kHz

2

500

1

---

---

48

---

---

---

49152

static echo

2

250

1

---

---

97

---

---

---

4096

static WURST-QCPMG

50

500

1

500

32

29

30

30

30

6550

static echo

2

500

1

---

---

97

---

---

---

43400

static WURST-QCPMG

50

500

1

200

32

29

30

30

30

7200

static echo

2

500

1

---

---

97

---

---

---

45861

static WURST-QCPMG

50

500

1

200

32

29

30

30

30

512

MAS echo 20kHz

2

500

1

---

---

48

---

---

---

83968

static echo

2

500

1

---

---

97

---

---

---

12900

static WURST-QCPMG

50

500

1

200

32

29

30

30

30

6239

static WURST-QCPMG

50

500

1

200

32

29

30

30

30

2520

Sample

ZrPO 4 DES8
ZrPO 4 DES1
ZrPO 4 DES2
ZrPOF-pyr
ZrPOF-Q1

ZrPOF-EA
ZrPOFDEA

τ1

τ2

τ3

τ4
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Experimental details for additional

31

P,

13

C,

experiments acquired at 9.4 T. All the 31P, 13C, 19F and

19

6/7

F and

6/7

Li MAS NMR

Li MAS NMR spectra of all

the materials studied in this work were acquired at 9.4 T on a Varian Infinity Plus 400
WB spectrometer using either a 4-mm HXY or a 5-mm HFXY T3 MAS probe [ν 0 =
161.7, 100.4, 375.8, 58.8 and 155.3 MHz for 31P, 13C, 19F and 6Li and 7Li respectively].
Standard samples used for pulse calibration and chemical shift referencing were ADP
(NH 4 H 2 PO 4 , solid, δ iso = 1.33 ppm, relative to 85% H 3 PO 4 in H 2 O), adamantane
(C 10 H 16 , solid, δ iso = 38.5 ppm for higher frequency resonance, relative to TMS in
CDCl 3 ), TFT (C 6 H 5 CF 3 , 1 M solution, δ iso = -65.4 ppm, relative to CFCl 3 ) and LiCl (1
M solution, δ iso = 0.0 ppm) for

31

P,

13

C,

19

F and 6/7Li respectively. A single-pulse with

proton decoupling was used in all experiments, applying small (< 30°) tip angle. The
pulse delays used were 60, 5, 5, 5 and 1 second(s) for
respectively.

31

P,

13

C,

19

F, 6Li and 7Li

204

Chapter 6 Solid-State 33S NMR and Quantum Chemical
Investigations of Layered Transition Metal Disulfides *

6.1 Introduction
Layered transition metal disulfides (MS 2 ) are important inorganic materials with a
variety of applications in catalysis, ceramics, lubricants, semiconductors, energy storage,
electronics and optical devices.1-8 They belong to transition metal dichalcogenide class,
which are mainly used as lamellar host lattices for intercalation chemistry with alkali
metals (Li, Na, K, Rb and Cs), organic (amines, hydrazines, acid amides, nitrogen-oxides,
heterocycles and phosphines) and organometallic molecules as guest species. The
lamellar structures of these metal disulfides generally consist of two close-packed sulfur
layers between which reside the metal ions. The bonding within each layer is strong and
largely ionic in nature, whereas the interaction between the layers is much weaker and
often described as van der Waals interaction. The ability of transition metal atoms to
adopt both octahedral and trigonal prismatic coordination together with the structural
flexibility of the S–M–S units to stack in different sequences give rise to a wide variety of
polymorphic and polytypic forms.
Structural characterization is very important because understanding the
relationship between the unique properties of these materials and their structures is
crucial for developing new uses and for improving their performance in current
applications. Even though the crystal structures of several representatives of layered
*

A portion of this chapter has been published elsewhere: [Chem. Comm., 2009, 45(2), 186-188].
Reproduced by permission of The Royal Society of Chemistry (RSC).
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transition disulfides are known, it is not the case for many of their intercalated
derivatives. This is mainly due to the fact that intercalation often causes a perturbation in
the structure of the host, leading to a decrease in crystallinity. As such, structural
information of their intercalated derivatives has, by necessity, been derived from much
more limited powder XRD data. Solid-state NMR (SSNMR) spectroscopy is a
complementary method to X-ray diffraction for structural determination. Sulfur solidstate NMR should, in principle, be a powerful tool for characterizing transition metal
disulfides since their NMR spectra should provide key information on local coordination
and electronic environments around the S atoms. However, the sulfur in MS 2 has never
been characterized by solid-state NMR. This is because the NMR active isotope of sulfur,
33

S, possesses unfavorable NMR characteristics. It is a half-integer quadrupolar nucleus

(I = 3/2) with moderate quadrupole moment (Q = -0.0678 × 10-28 m2),9 which interacts
with the electric field gradient (EFG) at the nucleus, resulting in broad patterns.
Furthermore, 33S has a very low natural abundance (0.76 %) and low gyromagnetic ratio
(γ = 2.055 rad T-1 s-1), which severely reduces the detection sensitivity.
In recent years, with the availability of ultrahigh field magnet and sensitivityenhancement pulse sequences, the observation of these unreceptive low-γ half-integer
quadrupolar nuclei has increasingly become more feasible. Performing NMR experiments
at very high field reduces the effect of second-order quadrupolar broadening and
increases the Boltzmann population difference of the central transition (CT), leading to a
much improved sensitivity. In addition, small chemical shift anisotropy (CSA) can be
measured more accurately at high magnetic field because the CSA is proportional to the
magnetic field strength. The combination of quadrupolar Carr-Purcell-Meiboom-Gill
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(QCPMG)10 and related pulse sequences11-14 and frequency-stepped techniques15,16 are
particularly useful for the acquisition of very broad powder patterns and these techniques
have been successfully used to study many low-γ quadrupolar nuclei.
In this work, we have directly characterized the local sulfur environments in
several representative layered transition metal disulfides (MS 2 : M = Mo, W, Zr, Ti and
Ta) by acquiring 33S solid-state NMR spectra at magnetic field of 21.1 T. The observed
spectra are rationalized in terms of the electronic and geometric environments around 33S.
Computational studies were also performed to assist in understanding the observed NMR
spectra. In particular, plane-wave pseudopotential DFT method was used to calculate
NMR parameters of the layered structure with CASTEP program;17,18 while hybrid DFT
calculations were also performed on the model clusters with varying sizes truncated from
the layered structures using Gaussian 03 program to gain some more insights into factors
affecting the experimental spectra. It is hoped that the results of combination of
spectroscopic and computational study on these representative MS 2 will provide a
benchmark for future characterization of layered transition metal disulfides and their
derivatives whose structures are unknown.

6.2 Experimental Methods
MoS 2 , WS 2 , ZrS 2 , TiS 2 and TaS 2 were purchased from STREM Chemicals, Inc.
and used as received. The purity and crystallinity of the samples were checked by powder
X-ray diffraction. Powder X-ray diffraction experiments were recorded on a Rigaku
diffractometer equipped with a graphite monochromator using Co Kα radiation (λ =
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1.7902 Å). The step size used was 0.02o and scan range was from 5 – 65° (2θ) with a rate
of 10°/minute.
All

33

S solid-state NMR experiments were conducted at 21.1 T on a 900 MHz

Bruker Avance II spectrometer at the National Ultrahigh-field NMR Facility for Solids in
Ottawa, Canada, operating at 69.09 MHz. A 7.0 mm home-built single channel wide line
NMR probe was used for all static experiments. The samples were ground into a fine
powder and then packed into 7.0 mm o.d. zirconia rotors. For MoS 2 and WS 2 , the
samples were first pressed into pellets under hydraulic pressure and then packed in the
rotor to fit in more than double amount of the sample comparing with manual packing.
Static NMR spectra were collected using either the conventional QCPMG or Hahn-echo
pulse sequence. The Hahn-echo pulse sequence has the form (π/2)–τ–(π)–τ–acq, where τ
represents interpulse delays of 20–50 µs. The echo was collected prior to the echo
maximum and shifted to ensure that the Free Induction Decay (FID) used in Fourier
transformation began exactly at the echo maximum. For QCPMG, the acquisition time
(τ a ) for each echo was adjusted to obtain a spikelet separation (1/τ a ) between 1000 and
5000 Hz in the frequency spectrum. The number of Meiboom–Gill (MG) loops was
varied to ensure the acquisition of the full FID. The frequency-stepped technique was
used when the breadth of the CT spectra exceeded the pulse width excitation profile. The
subspectra with different frequency offsets were co-added in frequency scale (Hertz). The
resulting spectrum was then treated and referenced as a single spectrum.

33

S chemical

shifts were referenced to 1M aqueous Cs 2 SO 4 solution [δ iso (33S) = –333 ppm relative to
neat CS 2 at 0.0 ppm]. All the spectrometer conditions used are summarized in Table 6.1.
No proton-decoupling was applied.
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Table 6.1. Detailed experimental conditions for all static solid-state NMR experiments.
90°
Sample

Type of

pulse

SW

experiment

length

(kHz)

recycle
delay

# scans

(s)

(μs)
2H-MoS 2

QCPMG

5

500

5

7 × 3600

2H-WS 2

QCPMG

10

500

5

8 × 3600

1T-ZrS 2

Hahn-echo

5

100

5

9850

1T-TiS 2

Hahn-echo

5

200

10

4773

1T-TaS 2

Hahn-echo

5

250

1

58827

All NMR parameters, including quadrupolar coupling constant (C Q ), asymmetry
parameter (η Q ), isotopic chemical shift (δ iso ), span (Ω), and skew (κ) were determined by
analytical simulations of NMR spectra using the WSOLIDS simulation package.19 The
experimental error for each measured parameter was determined by visual comparison of
experimental spectra with simulations. The parameter of concern was varied
bidirectionally starting from the best fit value and all other parameters were kept constant
until noticeable differences between the spectra were observed.
First principles (ab initio) calculations based on plane wave-pseudo potential
Density Functional Theory (DFT) were conducted using CASTEP (version 4.3)17,18
program setup by the Accelrys Materials Studio graphical user interface, running on a
single CPU. The NMR module20 was used to calculate the EFG and CS tensors. This
program separates periodic structures into two regions designated as atomic spheres and
interstitial regions, using element specific pseudopotentials to describe the former. The
gauge-including projector augmented-wave (GIPAW) method which uses pseudo
potentials and plane wave basis sets to describe three dimensional lattices in crystalline
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materials was utilized. Unit cell parameters and atomic coordinates were taken from their
corresponding crystal structures.21-25 The calculations were performed using ultra soft
pseudopotentials generated from the “on-the-fly” method implemented within the
CASTEP. The Generalized Gradient Approximation (GGA) with Perdew, Burke and
Ernzerhof (PBE) functional was used and plane-wave cut-off energy of 500 eV (medium
basis set accuracy) was applied to all calculations. The calculated EFG tensor
components (V XX , V YY , V ZZ ) were converted to the quadrupolar coupling constant (C Q )
and asymmetry parameter (η Q ) according to the following definitions: |V XX | ≤ | V YY | ≤
|V ZZ |; C Q = (eV ZZ Q/h) × 9.7177 × 1021 (Hz); η Q = (V XX – V YY )/V ZZ , where e is the
electric charge; Q is the nuclear quadrupole moment; and h is Planck’s constant. A
conversion factor of 9.7177 × 1021 V m-2 was needed to convert eQV ZZ to C Q (in Hz) due
to V ZZ being calculated in atomic units. The C Q values were calculated automatically
from the EFG tensor by CASTEP and adjusted accordingly using the appropriate
quadrupole moments.26 The chemical shift (CS) tensor is described by three principal
components (δ 11 , δ 22 , and δ 33 ) with Herzfeld-Berger convention: δ iso = (δ 11 + δ 22 +
δ 33 )/3, Ω = δ 11 – δ 33 , κ = 3(δ 22 – δ iso )/Ω.
Ab initio calculations were also conducted using the Gaussian 03 program27
running on a quad-2.4 GHz Opteron HP workstations on SHARCNET clusters
(www.sharcnet.ca). The EFG and the CS tensors were calculated using hybrid Density
Functional Theory (DFT) at B3LYP level of theory using the GIAO method. For 33S EFG
and CS tensor calculations, the basis sets used were 6-311++G** for S atoms and 3-21G
on the metal atoms (Mo and Zr). These basis sets were chosen based on previous studies
which showed relatively good agreement to experimental values.28-31 Model clusters used
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in all calculations were truncated with varying sizes from the layered structures. These
clusters are used without further geometry optimization to keep the local structure as
close as possible to that of the crystal structure from which they are extracted and, thus,
correspond to non-equilibrium geometries when considered in isolation. The EFG and CS
tensor parameters were extracted directly from the Gaussian output using the EFGShield
program.32

6.3 Results and Discussion
All the materials examined in this study have a single crystallographic S site in a
trigonal pyramidal coordination with C 3 local site symmetry (Figure 6.1).21-25 MoS 2 and
WS 2 adopt the 2H polytypic form. Each layer has a single sheet of metal sandwiched by
two sheets of sulfur atoms. The metals are in trigonal prismatic coordination with D 3h site
symmetry and each sulfur atom is bonded to three metal atoms. There are two layers in
the unit cell, alternating in such a way that they have the same orientation for every other
layer along b-direction. On the other hand, ZrS 2 , TiS 2 and TaS 2 possess the 1T polytypic
form with a trigonal lattice type. The metals are octahedrally coordinated to six sulfur
atoms with D 3d site symmetry and each sulfur atom is bound to three metal atoms.
33

S, the only NMR-active isotope of sulfur, has a very low intrinsic receptivity.

The combination of its extremely low natural abundance (0.76%) and the very small
gyromagnetic ratio makes

33

S among the most difficult nuclei to observe at natural

abundance. As a result, there are only few 33S SSNMR reports in the literature,31,33-43 with
the most recent ones dealing with disordered tetrathio transition metal anion,42 potassium
sulfates,31 and 33S enriched elemental sulfur.43
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Figure 6.1. Structure of (a) 2H-MoS 2 / WS 2 and (b) 1T-ZrS 2 / TiS 2 / TaS 2 . Different views of MS 2 : 1)
view down c-axis, 2) metal coordination site and 3) packing of layered MS 2 .

Figure 6.2. 33S static SSNMR spectra of MS 2 at 21.1 T.
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Table 6.2. Experimental 33S NMR Parameters.

a

Compound

C Q (MHz)a

ηQb

δ iso (ppm)c

Ω (ppm)d

κe

2H-MoS 2

9.3 (8)

0

200 (50)

0

_

2H-WS 2

7.9 (5)

0

-90 (50)

0

_

1T-ZrS 2

0.5 (5)

0

435 (10)

145 (10)

1

1T-TiS 2

1.8 (5)

0

795 (30)

250 (30)

1

1T-TaS 2

4.5 (5)

0.50 (10)

400(50)

250( 80)

-1

C Q = eQV ZZ /h;

b

η Q = (V XX – V YY )/V ZZ where |V ZZ | ≥ | V YY | ≥ | V XX |. η Q was set to 0 for all the metal

disulfides due to the C 3 site symmetry;

c

δ iso = (δ 11 + δ 22 + δ 33 )/3, relative to CS 2 (0 ppm);

d

Ω = δ 11 –

δ 33 ; e κ = 3(δ 22 - δ iso )/Ω. The initial κ value for simulation was either 1 or -1 due to C 3 site symmetry.

The

33

S static SSNMR spectra of MS 2 (M = Mo, W, Zr, Ti and Ta) obtained at

21.1 T are shown in Figure 6.2. The EFG and the CS tensor parameters obtained via
spectral simulations have been reported previously (Table 6.2).41 For this series of closely
related materials, there is a wide range distribution of 33S C Q (from 0.5 to ca. 10 MHz)
and CSA (from 0 to 250 ppm). Figure 6.2 clearly shows that the 33S spectra of MoS 2 and
WS 2 are completely dominated by the second order quadrupolar interaction, whereas the
spectrum of ZrS 2 is almost entirely dominated by the CSA. For TiS 2 , both the EFG and
the CSA contribute significantly to the observed spectrum. Perhaps, the broad, featureless
signal of TaS 2 reflects the existence of charge density wave phases.25,44
The static

33

S wide-line spectra are sensitive to the difference in the local sulfur

geometry. For example, the

33

S C Q can be empirically correlated with the average

intralayer S-S distance (Figure 6.3). An approximate linear correlation between the

33

S

C Q and the average M–S–M bond angle is also established. These two correlations are
confirmed by theoretical calculations using CASTEP program.
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Figure 6.3. Correlation between 33S C Q values and (a) S-S intralayer distance, (b) M–S–M bond angles.

The observed differences in the C Q among these disulfides may be qualitatively
rationalized by their crystal structures. For the MS 2 with 2H- polytypic form, as
illustrated in Figure 6.4, each S is surrounded hexagonally by six different S atoms in the
same plane with equal distance A, corresponding to their unit cell a-length. It is also
surrounded by four other S atoms with one in the same layer directly above the center of
the hexagon mentioned above and three S atoms in the neighboring layer. Overall, the
center S can be viewed inside a distorted tetrahedron with one vertex being stretched
along the unit cell c-axis. The distance between the central S and one S atom in the same
layer directly above is B, while the distance between the central S and the three other S
atoms in the adjacent layer is equal and defined as C. Similarly, the S is also in the
middle of a distorted tetrahedral formed by three metal atoms in the same layer and an
additional M in the next layer. The distances to the three M in the same layer and one M
atom in the next layer are defined as D and E.
The various internuclear distances found in MoS 2 and WS 2 are summarized in
Table 6.3. A glance at the table reveals that the MS 4 and SS 4 tetrahedra in MoS 2 are
more distorted (more stretched along 3-fold axis direction) than those in WS 2 since (i) the
difference between D and E is 2.144 Å in MoS 2 , greater than that of 2.021 Å in WS 2 and
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Figure 6.4. The local S coordination environment in (a) 2H and (b) 1T polytypic type.

Table 6.3. Internuclear distances (in Å) in MS 2 compounds.
S-S
Compound

S-S

intralayer

intralayer
a

a

S-S interlayer

S–M bond

distance – C

distance – D

S-M
interlayer

distance – A

distance – B

distance – E

2H-MoS 2

3.160

3.172

3.490

2.417

4.561

2H-WS 2

3.154

3.362

3.355

2.478

4.499

1T-TaS 2

3.365

3.447

3.616

2.470

4.784

1T-TiS 2

3.410

3.450

3.480

2.427

4.717

1T-ZrS 2

3.650

3.601

3.601

2.564

4.861

refer to Figure 6.4a and 6.4b (left side) for labels and text for description

(ii) the difference between B and C in MoS 2 is 0.318 Å which is greater than that of WS 2
(0.007 Å). Thus, the S in MoS 2 has an overall more distorted coordination environment
than that in WS 2 , which might partially explain why MoS 2 has a larger C Q .

215
For 1T-MS 2 , as shown in Figure 6.4, a given S is also in the center of a hexagon
formed with six S atoms in the sample plane. There are six additional S atoms (three
within the same layer and three in the adjacent layer) forming a distorted trigonal prism.
Similarly, six M atoms also impose a distorted trigonal prismatic environment to the S
atom. Table 6.3 indicates that the distortion of SS 6 unit in 1T-ZrS 2 is the least, while the
largest one is in 1T-TaS 2 (i.e., the differences between B and C are 0, 0.030 and 0.169 Å
for ZrS 2 , TiS 2 and TaS 2 , respectively). SM 6 in TaS 2 also has the largest distortion. In
addition, the distance between the central S and six other S atoms in the hexagonal S
plane (A) has the order: ZrS 2 > TiS 2 > TaS 2 . All these factors may contribute to the
experimentally observed order of C Q : ZrS 2 < TiS 2 < TaS 2 .
Due to the periodic nature of the layered metal disulfides, CASTEP calculations
were carried out to calculate both EFG and CS tensors at the S atoms. Theoretically
calculated

33

S C Q values for all metal disulfides are in good agreement with the

experimental values. All calculations correctly predict axially symmetric NMR tensors
(η Q = 0 and/or κ = –1 or +1), indicating that V XX and V YY or δ 11 and δ 22 are directed into
identical chemical environments.
To gain further insights into the factors contributing to the

33

S EFG and CS

tensors, we also carried out DFT calculations using B3LYP functional with 6-311++G**
basis set on selected metal disulfides in 2H-MoS 2 , 1T-ZrS 2 and 1T-TiS 2 using the
Gaussian molecular model approach. The clusters shown in Figure 6.5a-b were truncated
from the layered structures with different sizes. These systems were chosen because they
represent three different situations: (1) the spectrum of 2H-MoS 2 is determined solely by
second-order quadrupolar interaction; (2) the spectrum of 1T-ZrS 2 is almost entirely
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Figure 6.5. Model clusters used in 33S NMR Gaussian 03 calculations for (a) MoS 2 and (b) ZrS 2 .

determined by the CSA; and (3) the lineshape of 1T-TiS 2 has contributions from both
quadrupolar interaction and CSA. The calculations were performed on three different
model clusters and the results are summarized in Table 6.4.
For 2H-MoS 2 , cluster I contains one S atom and three closest metal atoms. The
Gaussian calculation underestimated the C Q . Cluster II is built upon cluster I with
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Table 6.4. Calculated 33S EFG and CSA parameters of 2H-MoS 2 , 1T-ZrS 2 and 1T-TiS 2 obtained from G03.

Compound

V XX
(au)

V YY
(au)

V ZZ
(au)

|C Q | (MHz)

ηQ

Ω

κ

0.080

0.080

-0.161

2.56

0

-

-

-0.479

-0.48

0.959

15.28

0

-

-

Cluster III - (Mo 4 S 11 )

-0.485

-0.485

0.970

15.45

0

-

-

Cluster IV - (Mo 3 S 14 16-)

-0.264

-0.265

0.529

8.43

0

-

-

7.53

0

-

-

9.30

0

-

-

Clustera
Cluster I - (Mo 3 S10+)
4-

Cluster II - (Mo 3 S 8 )
6-

2H-MoS 2

CASTEP
Experimental
10+

1T-ZrS 2

Cluster I - (Zr 3 S )

0.818

0.819

-1.637

26.08

0

591

-1.00

Cluster II - (Zr 3 S 10 8-)

-0.105

-0.158

0.262

4.18

0.2

196

-0.24

Cluster III - (Zr 8 S 13 6+)

-0.062

-0.111

0.173

2.76

0.29

16011

0.97

CASTEP

0.54

0

398

-1

Experimental

0.50

0

145

1

Cluster I - (Ti 3 S10+)

1T-TiS 2

a

0.609

0.61

-1.219

19.42

0

29

0.96

Cluster II - (Ti 3 S 10 8-)

-0.203

-0.217

0.42

6.69

0.03

108

-0.27

6+

-0.098

-0.14

0.237

3.78

0.18

985

0.55

CASTEP

1.08

0

8854

-1

Experimental

1.80

0

250

1

Cluster III - (Ti 8 S 13 )

B3LYP method was used with basis set 6-311++G** for S and 3-21G for metal atoms, respectively.
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inclusion of seven additional S atoms in the same layer and the calculation, however,
overestimated the C Q of the S site of interest. In cluster III, additional atoms from the
adjacent layer are added to the cluster II in order to evaluate the long-range electrostatic
contribution to the C Q . Interestingly, inclusion of the atoms from the neighboring layer
yielded little change in the C Q . However, a significant improvement in the agreement
between calculated (8.4 MHz) and measured C Q (9.3 MHz) was achieved when
calculation was performed on cluster IV, which is formed by adding six additional S
atoms to the same layer containing cluster II (i.e., the entire cluster is truncated from a
single layer, see Figure 6.5a). It seems that for this particular compound the EFG is
mainly determined by the atoms within the same layer. The unique component of the
EFG tensors, V ZZ , is oriented along the direction of the crystallographic c-axis, which is
parallel to the C 3 axis on S atoms (Figure 6.5a). Consequently, both V XX and V YY are in
the plane of the S layer.
For 1T-ZrS 2 , the Gaussian calculations were performed on three model clusters,
shown in Figure 6.5b. The simplest cluster is identical to that of 1T-MoS 2 and both C Q
and Ω values were substantially overestimated. Cluster II is obtained by adding nine
additional S atoms to cluster I. For the S of interest in this larger cluster, the calculated
C Q value decreased dramatically from 26.1 MHz in cluster I to 4.2 MHz and the
calculated Ω is closer to the measured value. The third cluster is the largest cluster
including the Zr and S atoms from the two adjacently layers. Expansion into the
neighboring layer further reduced the calculated C Q to 2.8 MHz. Overall the calculated
C Q and Ω values exhibit a trend in which the CSA becomes increasingly dominant over
quadrupolar interaction as the cluster size increases. Comparing with 2H-MoS 2 , for 1T-
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ZrS 2 the atoms in the neighboring layer do contribute to the C Q significantly. Perhaps, the
fact that in 1T-ZrS 2 the interlayer S-S distance (3.601 Å) is comparable to the intralayer
S-S distance (3.65 Å), whereas the interlayer S-S distance (3.49 Å) in 2H-MoS 2 is greater
than the intralayer S-S distance (3.16 Å) is partially responsible for the above mentioned
result. Finally, for 1T-TiS 2 , 33S EFG and CSA calculations were conducted on three same
clusters used for 1T-ZrS 2 (Table 6.5). Even though the C Q and Ω values are not in perfect
agreement with the experimental results, we do observe a significant contribution from
both quadrupolar and chemical shielding interaction, consistent with the experimental
trend.

6.4 Conclusion
We have directly characterized the sulfur environments in several representative
layered transition metal disulfides (MS 2 : M = Mo, W, Zr, Ti and Ta) by acquiring

33

S

solid-state NMR spectra at ultrahigh magnetic fields of 21.1 T, from which the NMR
tensor parameters were extracted. First-principles (ab initio) calculations based on plane
wave-pseudo potential DFT using CASTEP program give a good agreement between
observed and calculated NMR parameters, and is more appropriate since it uses periodic
boundary conditions to fully account for the effects of crystal lattice. However, the NMR
interaction parameters can also be calculated using model clusters with Gaussian
program, which in some cases, provides additional insights into the factors affecting the
spectra.
The sensitivity of

33

S spectra to the geometric and electronic environments

demonstrated in this work suggests that wide-line solid-state NMR of these nuclei can

220
readily be added to the arsenal of characterization and utilized for characterizing the
derivatives of transition metal disulfides (such as pillared and intercalated materials)
whose structures are usually poor described.
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Chapter 7 Combined 135/137Ba Solid-State NMR at an Ultrahigh
Magnetic Field and Computational Study of β-Barium Borate*

7.1 Introduction
Nonlinear optical (NLO) crystals are important in photonics and many optical
applications involving laser science and technology. β-Barium borate (β-BBO or βBaB 2 O 4 ) is one of the most well-known NLO materials in the UV-vis regions.1 β-BBO’s
unique properties such as large effective second-harmonic generation (SHG) coefficient,
wide transparency range, broad phase matching range, and high damage threshold make
this material suitable for many applications.2,3 The crystals of β-BBO are commonly used
in commercial laser systems (Nd:YAG, Ti:Sapphire, Alexandrite, Ruby lasers) as
components for frequency doubling or tripling and as the main nonlinear element in
optical parametric oscillators pumped by a UV laser.4
The relationship between the structure of β-BBO and its NLO properties has been
the subject of numerous studies over the last two decades.2,3,5-14 Despite many structural
studies, the exact space group of β-BBO still remains controversial. In 1982, Lu et al.
assigned the space group as R3 with a hexagonal cell dimensions a = 12.532 Å and c =
12.717 Å.15 One year later, Liebertz and Stahr reported that the space group of β-BBO
belongs to R3c.16 Since then, the structure of β-BBO has been re-examined several times.
Although most of the studies support space group R3c,2,16-18 some work does prefer R3 as
the true space group.15,19 Although the NLO properties are mainly determined by the
*

A version of this chapter has been published elsewhere. Reproduced with permission from [J.

Phys Chem. C., 2009, 113(50), 21196-21201]. Copyright 2009 American Chemical Society.
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anionic groups,10 the cations do affect the SHG coefficients as i) they break down the
planar symmetry of the anionic groups,11 and ii) metal cations with larger radii contribute
more toward the SHG compared to those that are smaller in size.20 In the case of β-BBO,
the contributions from Ba2+ cations to the SHG coefficients are approximately 20%.21
Therefore, a detailed knowledge of the barium environment is desirable.
Solid-state NMR (SSNMR) spectroscopy is a complementary technique to X-ray
diffraction for structural characterization. It provides invaluable information on local
environment around the nucleus of interest. Indeed, 11B magic-angle spinning (MAS) and
single crystal

11

B NMR were employed to characterize the B environments.22,23 Single

crystal 11B NMR study has been reported for β-BBO revealing two B sites: for B(1), C Q
= 2.455(6) MHz and η Q = 0.684(15); and for B(2), C Q = 2.486(6) MHz and η Q =
0.644(19).23

11

B MAS SSNMR was used to investigate the growth of β-BBO crystals.

However, the Ba local environment has never been probed directly by Ba SSNMR.
Barium has two NMR-active isotopes, 135Ba and 137Ba. Both are quadrupolar nuclei with
spin I = 3/2. They have relatively low natural abundances (6.59% for

135

Ba and 11.32%

for 137Ba) and small gyromagnetic ratios (γ) [γ(135Ba) = 2.675 × 107 rad T-1 s-1; γ(137Ba) =
2.993 × 107 rad T-1 s-1].24 They also have relatively large quadrupole moments (Q)
[Q(135Ba) = 0.160 × 10-28 m2, Q(137Ba) = 0.245 × 10-28 m2],25 which more often then not
leads to very broad lines when an appreciable electric field gradient (EFG) is present.
These unfavorable NMR characteristics make the observation of

135/137

Ba spectra

difficult. As a result, 135/137Ba solid-state NMR has only been applied to a limited number
of materials such as BaO,26 BaMO 3 (M = Zr and Ti),27-30 and YBa 2 Cu 3 O y ,31 as well as
some inorganic compounds and ceramic materials, namely BaCO 3 ,32 BaFX (X = Cl and
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Br),33 and Ba x Sr 1-x TiO 3 .34 The vast majority of the Ba SSNMR studies were performed
on 137Ba because compared to 135Ba, it has a higher Larmor frequency and a larger natural
abundance despite of its larger quadrupole moment.
Recently, due to the development of ultrahigh field magnet technology and new
pulse sequences for sensitivity enhancement, the observation of low-γ half-integer
quadrupolar nuclei has increasingly become more feasible. Performing NMR experiments
at very high magnetic fields reduces the effect of second-order quadrupolar broadening
and increases the population difference of the central transition (CT), therefore improving
detection sensitivity. Among others, the quadrupolar Carr–Purcell–Meiboom–Gill
(QCPMG) pulse sequence and related techniques35-37 are particularly useful and have
been successfully used to study a number of low-γ quadrupolar nuclei.
Herein, we have directly probed the local environment of Ba2+ in β-BBO by
acquiring

135/137

Ba SSNMR spectra at an ultrahigh magnetic field of 21.1 T. The EFG

tensor parameters of

135/137

Ba were obtained via spectral simulations. To assist in

understanding the electronic environment around a Ba ion and interpreting the NMR
spectra, Ba EFG tensors were also calculated theoretically by using plane-wave
pseudopotentials Density Functional Theory (DFT), a method widely used for calculating
the electronic properties of periodic solids. Restricted Hartree–Fock (RHF) and hybrid
DFT calculations were also performed on the model clusters with varying sizes truncated
from the periodic structures using Gaussian 03 program. The results of this combined
NMR spectroscopic and computational study provide some insight into the structure of βBBO.
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7.2 Experimental Methods
The β-BBO sample was synthesized using previously reported co-precipitation
procedure38,39 with some modifications. This approach involves preparing BBO⋅H 2 O, the
precursor to β-BBO by hydrothermal synthesis first and then transforming the precursor
to β-BBO at high temperature. Specifically, Ba(NO 3 ) 2 and B 2 O 3 powder were dissolved
in distilled water at a concentration of 0.1 M, which was followed by adding the
ammonia–water (1M) drop-wisely into the above solution under vigorous stirring until
there was no more white precipitation formed. The resulting mixture was transformed
into a 20 mL Teflon-lined stainless-steel autoclave, which was then heated at 200 oC for
24h to yield white solids of BBO⋅H 2 O. BBO⋅H 2 O was washed with distilled water and
dried at 120 oC for 2h. Finally, the crystallization of β-BBO was carried out by heating
the BBO⋅H 2 O at 800 oC for 2h. The identity of the sample was confirmed by powder Xray diffraction. Powder X-ray diffraction patterns were recorded on a Rigaku
diffractometer equipped with a graphite monochromator using Co Kα radiation (λ =
1.7902 Å). A scan was acquired between 5 and 65° (2θ) at a rate of 10°/minute using a
step size of 0.02o.
The

135/137

Ba solid-state NMR experiments were conducted at 21.1 T on a 900

MHz Bruker Avance II spectrometer at the National Ultrahigh-field NMR Facility for
Solids in Ottawa, Canada, operating at 89.3 and 100.0 MHz for

135

Ba and

137

Ba,

respectively. A 7 mm home-build single channel wide-line NMR probe was used for all
the experiments. The samples were ground into a fine powder and then packed into 7.0
mm o.d. Bruker zirconia rotors. Experimental setup and pulse calibrations (selective π/2
pulse widths used were 3.5–5.0 μs) were performed on solid BaZrO 3 . This compound
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was also used as a secondary standard for referencing
the

135/137

Ba peak to 279.3 ppm (relative to the

135/137

Ba chemical shift by setting

135/137

Ba signal of 1M aqueous BaCl 2

solution).26 Static NMR spectra were collected using either a conventional Hahn-echo or
a QCPMG pulse sequence. The Hahn-echo pulse sequence used has the form (π/2)-τ(π/2)-τ-acq, where τ represents interpulse delays of 20–50 µs. The echo was collected
prior to the echo maximum and shifted to ensure that the free induction decay (FID) used
in Fourier transformation began exactly at the echo maximum. For the QCPMG, the
acquisition time (τ a ) for each echo was adjusted to obtain a spikelet separation (1/τ a ) of
2500 Hz in the frequency spectrum. The number of Meiboom–Gill (MG) loops was
varied to ensure the acquisition of the full FID. The frequency-stepped technique was
used since the breadth of the spectra exceeded the pulse width excitation profile.40 The
subspectra with different frequency offsets were coadded in the frequency scale (Hz).
The resulting spectrum was then treated and referenced as a single spectrum.
All the NMR parameters, including C Q , η Q and δ iso , were determined by
simulations of NMR spectra using the WSOLIDS1 simulation package.41 The error for
each measured parameter was determined by visual comparison of experimental spectra
with simulations. The parameter of concern was varied bidirectionally, starting from the
best-fit value and all other parameters were kept constant, until noticeable differences
between the spectra were observed.
First principles (ab initio) calculations based on plane-wave pseudopotentials
DFT were conducted using the CASTEP (version 4.3)42,43 program setup of the Accelrys
Materials Studio graphical user interface, running on a single CPU. The NMR module4446

was used to calculate the

135/137

Ba EFG tensors. This program separates periodic
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structures into two regions designated as atomic spheres and interstitial regions, using
element specific pseudopotentials to describe the former. The gauge-including projector
augmented-wave (GIPAW) method that uses pseudopotentials and plane-wave basis sets
to describe three-dimensional lattices in crystalline materials was utilized. Unit cell
parameters and atomic coordinates were taken from their corresponding crystal
structures.18,19 The calculations were performed using ultra soft pseudopotentials
generated from the “on-the-fly” method implemented within the CASTEP. The
Generalized Gradient Approximation (GGA) with Perdew, Burke, and Ernzerhof (PBE)
functional47,48 was used and a plane-wave cutoff energy of 500 eV (medium basis set
accuracy) was applied for all calculations. The calculated EFGs (V XX , V YY , V ZZ ) were
converted to the quadrupole coupling constant (C Q ) and asymmetry parameter (η Q )
according to the following definitions: |V XX | ≤ |V YY | ≤ |V ZZ |; C Q = (eV ZZ Q/h) × 9.7177 ×
1021 (Hz); and η Q = (V XX – V YY )/V ZZ , where e is the electric charge, Q is the nuclear
quadrupole moment [Q(137Ba) = 0.245 × 10-28 m2];40 and h is Planck’s constant. A
conversion factor of 9.7177 × 1021 V m-2 was needed to convert eQV ZZ to C Q (in Hz) due
to V ZZ being calculated in atomic units. The C Q value of

135

Ba was calculated

automatically from the EFG tensor by CASTEP and adjusted accordingly using the
appropriate quadrupolar moments.
Ab initio calculations were also conducted using Gaussian 03 program49 running
on the quad-2.4 GHz Opteron HP workstations on SHARCNET (www.sharcnet.ca).
Barium EFG tensors were calculated using both Restricted Hartree–Fock (RHF) and
hybrid DFT at B3LYP (Becke’s 3-parameter hybrid density exchange functional50 with
the Lee, Yang, and Parr correlation functional51-53) level of theory, using the GIAO
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method.54,55 The basis sets used were the 18s12p6d (1S) and 15s10p6d (1S) all-electron
Huzinaga basis sets;56 both correspond to the valence shell electron configurations of
5s25p66s2, for Ba atoms and 6-31G** for all other (B and O) atoms. All model clusters
used in the calculations were truncated with different sizes from the periodic
structures.18,19 The EFG tensor parameters were extracted from the Gaussian output using
the EFGShield program.57

7.3 Results and Discussion
Attempts were first made to acquire static

135

Ba and

Ba QCPMG spectra of β-

137

BBO at 9.4 T. Although an extremely broad signal (about several hundred kHz wide) was
vaguely visible after 6 days of total acquisition time for each isotope (not shown), it was
clearly not possible to obtain such wide spectra with a good signal-to-noise ratio for
spectral simulation within a reasonable period of time. Therefore, the QCPMG
experiments had to be carried out at an ultrahigh-field of 21.1 T. Even at 21.1 T, the 135Ba
central transition static spectrum is extremely broad with a breadth of ca. 650 kHz.
Consequently, a total of 13 piecewise frequency-stepped subspectra (Figure 7.1) had to
be acquired with an acquisition time of 25 min for each subspectrum. The individually
acquired segments were Fourier transformed and summed to produce the full powder
spectrum shown in Figure 7.1. The spectrum clearly demonstrates the advantage of
performing the experiment at ultrahigh magnetic fields. The coadded spectrum exhibits a
distinct line-shape typically found in the spectra dominated by second-order quadrupolar
interaction. It can be fitted by a single Ba site with the following EFG parameters: C Q
(135Ba) = 14.9(5) MHz, η Q = 0.70(5), δ iso = 200(50) ppm. The fact that the spectrum can
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be well simulated without the inclusion of chemical shielding anisotropy (CSA) confirms
that the 135Ba spectrum is dominated by the quadrupolar interaction.

Figure 7.1.

Ba static piecewise frequency-stepped acquisition of QCPMG NMR spectra of β-BBO at

135

21.1 T (13 pieces in total). For each subspectrum, 1500 scans were acquired with a 1 s recycle delay. *
denotes radio frequency interference at 89.5–90 MHz FM radio.

The large C Q (135Ba) value of 14.9(5) MHz arises from the nonspherical
electronic environment around the Ba atom. A very recent work by Lu et al. suggested
that β-BBO has a space group of R3c with six BaB 2 O 4 formula per hexagonal unit cell
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(Figure 7.2).18 It consists of almost planar (B 3 O 6 )3- rings perpendicular to the c-axis.
Each anionic (B 3 O 6 )3- ring has three coplanar BO 3 groups joined together by a shared O
atom (Figure 7.2) and is bonded ionically to Ba2+ cations. There is only one unique
crystallographic Ba site. The Ba2+ ion is coordinated to eight oxygen atoms and the BaO 8
unit has the geometry of a highly distorted square antiprism. The O–Ba–O bond angles
are highly dispersed, varying between 49.14 and 96.83°. The variation of the Ba–O bond
distances is also quite large, ranging from 2.638 to 3.050 Å. Such large distortion in the
local geometry is in agreement with the observed large C Q (135Ba) value. The η Q value of
0.70(5) indicates that the EFG tensor is far from being axially symmetric, which is
consistent with the Ba atom sitting at a general position.

Figure 7.2. Crystal structure of β-BBO (space group R3c). (a) Unit cell viewed along c-axis. (b) Layer-bylayer view. (c) Ba metal coordination (BaO 8 is in a distorted square antiprism geometry). (d) Illustration of
an isolated (B 3 O 6 )3- ring.

137

Ba static Hahn-echo experiments were also carried out at 21.1 T, providing a

spectrum at another “field” for unambiguous simulation results. Eighteen subspectra with
different offsets were acquired and coadded (Figure 7.3). The

137

Ba CT is about 1500
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kHz wide. Compared to

135

quadrupole moment. The

Ba, the much wider

137

Ba resonance is due to its larger

137

Ba spectrum can be fitted by using the same EFG

parameters, C Q = 22.8(5) MHz (1.53 × 14.9 MHz), η Q = 0.70(5), δ iso = 200(50) ppm.
The fact that both

135

Ba and

137

Ba spectra can be well simulated using a single site of

EFG parameters without CSA indicates that the measured quadrupolar parameters are
reliable.

Figure 7.3.

Ba static Hahn-echo NMR spectra of β-BBO at 21.1 T. Pieces at -1100, -1000, and +600

137

kHz are satellites. # denotes radio interference (FM 100.25 MHz).
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Theoretical calculations of NMR tensor parameters often complement solid-state
NMR experiments conducted on powdered samples.58 First-principles calculations of
Ba EFG tensors for the β-BBO structure where borates form extended periodic

135/137

lattices are more complicated compared to those of molecular solids containing only
discrete molecules. In general, EFG tensor properties can be obtained via ab initio
electronic structure calculations of periodic solids by using programs such as CASTEP (a
plane-wave method based on pseudopotentials) and WIEN2k59 (a DFT-based full
linearized potential augmented plane-wave (FLAPW) method60,61). Gauge-Independent
Atomic Orbital (GIAO) NMR calculations of EFG tensors using Hartree–Fock (HF) and
hybrid DFT methods using Gaussian 03 and other programs have also been widely
applied to molecular clusters truncated from a periodic lattice. There are several reports
in the literature dealing with theoretical calculations of the

137

Ba EFG tensors, including

the ones for BaCO 3 , BaFX (X = Cl and Br) and YBa 2 Cu 3 O 7 .32,33,62,63
To better understand the EFG at barium we carried out B3LYP and RHF
calculations using Gaussian 03 on four isolated molecular model clusters. These clusters
(Figure 7.4) were truncated at different sizes from the periodic lattice of β-BBO. Cluster I
(BaO 8 14-) contains only eight oxygen atoms in barium’s first coordination sphere, while
cluster II (BaO 8 B 8 10+) includes additional eight B atoms in the second coordination
spheres. Cluster III (BaO 36 B 18 16-) is much larger in size and consists of (B 3 O 6 )3- rings
which are the key anionic units for NLO effect. Cluster IV (Ba 3 O 36 B 18 12-) is similar to
cluster III except it contains two additional Ba2+ ions. These last two larger clusters were
designed to evaluate the effect on the C Q values of long-range electrostatic interactions
within an extended periodic lattice.
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Figure 7.4. Model clusters I, II, III, IV for β-BBO used in Gaussian 03 calculations.

The four clusters mentioned above were first constructed according to space
group R3c and the calculated results are summarized in Table 7.1. Both the B3LYP and
RHF calculations of cluster I using two different basis sets underestimated the Ba2+
quadrupolar coupling constant substantially, which suggests that the atoms in the second
coordination spheres and beyond make significant contributions to C Q . Inclusion of eight
boron atoms in the second coordination spheres of barium in the cluster II significantly
improves the calculation results. The calculations of clusters III and IV show that for βBBO, a further increase in cluster size beyond the second coordination sphere does not
appear to improve the calculation significantly. Thus, in this particular case, the 135/137Ba
EFGs can be predicted reasonably well using a cluster only containing the atoms in the
second coordination spheres. Overall, the B3LYP and RHF calculations of the cluster II,
III, and IV using the 18s12p6d basis set generate better results than those obtained with
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15s10p6d basis set. Both B3LYP and RHF calculations predict the magnitudes of C Q
reasonably close to the experimentally observed one; however, B3LYP calculations
consistently yield better η Q values.

Table 7.1. Calculated 135Ba EFG NMR parameters of β-BBO based on R3c structure.a

Basis Set

V XX
(au)

V YY
(au)

V ZZ
(au)

|C Q |
(MHz)b

ηQc

18s12p6d

-0.012

-0.069

0.081

3.04

0.71

15s10p6d

-0.014

-0.113

0.128

4.80

0.78

18s12p6d

-0.049

-0.177

0.226

8.49

0.57

15s10p6d

-0.036

-0.241

0.277

10.41

0.74

18s12p6d

0.049

0.401

-0.450

16.93

0.78

15s10p6d

0.044

0.366

-0.409

15.39

0.79

18s12p6d

0.082

0.306

-0.388

14.60

0.58

15s10p6d

0.060

0.274

-0.334

12.57

0.64

18s12p6d

0.066

0.281

-0.346

13.03

0.62

15s10p6d

0.085

0.171

-0.256

9.61

0.34

18s12p6d

0.110

0.270

-0.381

14.31

0.42

15s10p6d

0.099

0.198

-0.297

11.15

0.34

18s12p6d

0.057

0.375

-0.433

16.27

0.73

15s10p6d

0.077

0.134

-0.212

7.95

0.27

18s12p6d

0.165

0.281

-0.445

16.75

0.26

15s10p6d

0.077

0.171

-0.248

9.32

0.38

CASTEP

17.66

0.78

experimental

14.90

0.70

Method
B3LYP
Cluster I
RHF

B3LYP
Cluster II
RHF

B3LYP
Cluster III
RHF

B3LYP
Cluster IV
RHF

a

The EFG tensor is described by three principal components V JJ (J =X-Z), ordered such that |V ZZ |

≥ |V YY | ≥ |V XX |. b C Q = eQV ZZ /h; c η Q = (V XX – V YY )/V ZZ .
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We also performed calculations on the four clusters terminated with OH groups.
This is a widely used approach which has been successfully applied to ab initio
calculations of

27

Al EFG tensors for clusters truncated from periodic solids such as

zeolites to lower the overall negative charge of the clusters.64 However, for β-BBO, the
calculation results (not shown) of the hydrogen terminated clusters are poorer compared
to those without terminal B–OH groups.
Table 7.2. Calculated 135Ba EFG NMR parameters on β-BBO based on R3 structure (site
1).a
Basis Set

V XX
(au)

V YY
(au)

V ZZ
(au)

|C Q |
(MHz)a

ηQ b

18s12p6d

-0.005

-0.095

0.099

3.74

0.91

15s10p6d

0.000

0.154

-0.154

5.80

1.00

18s12p6d

-0.021

-0.212

0.233

8.76

0.82

15s10p6d

0.007

0.283

-0.290

10.90

0.95

18s12p6d

0.043

0.400

-0.443

16.65

0.80

15s10p6d

0.022

0.380

-0.402

15.10

0.89

18s12p6d

0.076

0.310

-0.386

14.52

0.61

15s10p6d

0.026

0.306

-0.332

12.47

0.84

18s12p6d

0.061

0.269

-0.331

12.43

0.63

15s10p6d

0.045

0.191

-0.236

8.87

0.62

18s12p6d

0.094

0.270

-0.364

13.69

0.48

15s10p6d

0.040

0.236

-0.276

10.37

0.71

18s12p6d

0.050

0.421

-0.471

17.71

0.79

15s10p6d

0.073

0.315

-0.388

14.59

0.62

18s12p6d

0.152

0.285

-0.437

16.42

0.30

15s10p6d

0.093

0.275

-0.368

13.83

0.50

CASTEP

16.70

0.77

experimental

14.90

0.70

Method
B3LYP
Cluster I
RHF

B3LYP
Cluster II
RHF

B3LYP
Cluster III
RHF

B3LYP
Cluster IV
RHF

a

The EFG tensor is described by three principal components V JJ (J =X-Z), ordered such that |V ZZ |

≥ |V YY | ≥ |V XX |. b C Q = eQV ZZ /h; c η Q = (V XX – V YY )/V ZZ .
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Table 7.3. Calculated 135Ba EFG NMR parameters on β-BBO based on R3 structure (site
2).a
V XX
V YY
V ZZ
|C Q |
Basis Set
ηQc
Method
(au)
(au)
(au)
(MHz)b
18s12p6d

-0.001

-0.090

0.091

3.44

0.97

15s10p6d

0.000

0.152

-0.152

5.72

1.00

18s12p6d

-0.005

-0.201

0.206

7.75

0.95

15s10p6d

0.028

0.250

-0.279

10.48

0.80

18s12p6d

0.058

0.410

-0.469

17.61

0.75

15s10p6d

0.039

0.396

-0.435

16.34

0.82

18s12p6d

0.076

0.322

-0.398

14.98

0.62

15s10p6d

0.030

0.322

-0.351

13.21

0.83

18s12p6d

0.088

0.285

-0.373

14.01

0.53

15s10p6d

0.058

0.214

-0.272

10.23

0.57

18s12p6d

0.115

0.291

-0.407

15.28

0.43

15s10p6d

0.052

0.263

-0.315

11.84

0.67

18s12p6d

0.077

0.394

-0.472

17.74

0.67

15s10p6d

0.096

0.327

-0.423

15.91

0.55

18s12p6d

0.166

0.264

-0.431

16.20

0.23

15s10p6d

0.106

0.317

-0.423

15.91

0.50

CASTEP

18.80

0.61

experimental

14.90

0.70

B3LYP
Cluster I
RHF

B3LYP
Cluster II
RHF

B3LYP
Cluster III
RHF

B3LYP
Cluster IV
RHF

a

The EFG tensor is described by three principal components V JJ (J =X-Z), ordered such that |V ZZ |

≥ |V YY | ≥ |V XX |. b C Q = eQV ZZ /h; c η Q = (V XX – V YY )/V ZZ .

As mentioned earlier, the space group of β-BBO belongs to either R3 or R3c. The
difference between the two is subtle and lies in the fact that a c-glide plane is missing in
space group R3, resulting in two crystallographically nonequivalent Ba sites. The C Q and
η Q values were also computed for both Ba sites in the clusters I – IV constructed using
the X-ray diffraction data of Xue et al.19 The results are given in Tables 7.2 and 7.3. For
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clusters II, III, and IV the C Q values of Ba site 1 are greater than those of Ba site 2,
regardless of the methods and the basis sets used.

Figure 7.5. 135Ba EFG tensor orientations obtained from the CASTEP calculations.

We have also conducted theoretical calculations of

135

Ba EFG tensor of barium

sites in both R3 and R3c structures using the CASTEP, a program designed to compute
the electronic properties of periodic structures. The calculated

135

Ba EFG parameters of

R3c structure are C Q = 17.66 MHz, η Q = 0.78, both of which are comparable to those
measured experimentally. Figure 7.5 illustrates the Ba EFG tensor orientations of β-BBO
within its structure. The largest component of the EFG tensor, V ZZ , is oriented along the
crystallographic c-axis and perpendicular to the plane of the anionic (B 3 O 6 )3- ring.
Consequently, both V YY and V XX are parallel to the plane of the anionic group with V YY
along the a-direction. Using the R3 structure, the 135Ba EFG tensors of two Ba sites were
also calculated as the following: site 1, C Q = 16.70 MHz, η Q = 0.77; site 2, C Q = 18.80
MHz, η Q = 0.61. The calculations clearly indicate that if the space group of β-BBO were
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R3, the two

135

Ba sites would have a difference of 2.1 MHz in C Q values. Such an

appreciable difference would result in a

135

Ba spectrum which is significantly different

from that of space group R3c. Indeed, Figure 7.6 shows that the

135

Ba spectra calculated

from two space groups at 21.1 T look distinctly different. A comparison of these
calculated spectra with the observed one clearly indicates that the calculated spectrum
based on the space group R3c matches well with the measured one. Thus, our

135/137

Ba

SSNMR results indicate that the true space group of β-BBO is R3c with one unique
crystallographic Ba site. This study demonstrates that a combination of SSNMR and
theoretical calculations is indeed a powerful tool that is complementary to X-ray
diffraction.

Figure 7.6. A comparison between experimental and calculated

Ba static NMR spectra of β-BBO with

135

different space groups at 21.1 T. (a) Experimental spectrum. (b) Calculated spectrum based on R3c
structure (1 Ba site), C Q = 17.66 MHz, η Q = 0.78. (c) Calculated spectrum based on R3 structure (2 Ba
sites), site 1, C Q = 16.70 MHz, η Q = 0.77; site 2, C Q = 18.80 MHz, η Q = 0.61. The calculations were
performed using the CASTEP program.
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7.4 Conclusions
We have measured the static

135

Ba and

Ba solid-state NMR spectra of β-BBO

137

at an ultrahigh magnetic field of 21.1 T. The spectral simulations reveal that the very
broad spectra are dominated by the second-order quadrupolar interaction and that there is
only one Ba site in the structure of β-BBO. To shed some lights on the long-standing
controversy in the literature regarding the true space group of β-BBO, we also conducted
first-principles calculations on both periodic lattices and a series of model clusters
constructed from the two possible space groups. The results of experimental and
theoretical studies clearly indicate that the true crystal structure of β-BBO is R3c space
group rather than R3. The work demonstrates that a combination of

135/137

Ba NMR and

theoretical calculation is a useful tool for characterization of Ba-based materials with
unknown or poorly described structures.
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Chapter 8 Exploring the limits of 73Ge solid-state NMR
spectroscopy at ultrahigh magnetic field ∗

8.1 Introduction
As a third row element, Ge has similarities with both the lighter Group 14
elements, carbon and silicon, and the heavier Group 14 elements, tin and lead.
Tetravalent germanium, like carbon and silicon, is the most common valence state
encountered in germanium chemistry. Germylenes, divalent germanium containing
compounds, are also important both as reactive intermediates and as synthetically useful
precursors.1 Research into the chemistry of germanium is driven not only by the pursuit
of novel molecular systems, but also by the use of germanium in important
semiconductor materials such as transistors, fiber optic systems, and infrared optics.
In theory, germanium solid-state NMR (SSNMR) spectroscopy can be used as an
approach for the direct characterization of Ge-containing materials as it could provide
some key information on the bonding and local coordination environment around Ge.
Even though the natural abundance of

73

Ge (7.73%), the only NMR-active isotope of

germanium, is comparable to that of 29Si (4.70%), 73Ge NMR spectroscopy is extremely
difficult because of its very low gyromagnetic ratio (γ = –0.936 × 107 rad T-1 s-1),
resulting in its very low resonance frequency (ν L = 13.9 MHz at 9.4 T and ν L = 31.4 MHz
at 21.1 T).

73

Ge is a quadrupolar nucleus with spin, I = 9/2, and has a large quadrupole

moment (Q = –0.196 × 10-28 m2).2 Thus, in a non-symmetric environment, the presence
∗

A version of this chapter has been published elsewhere: [Chem. Comm., 2010, 46(16), 28172819]. Reproduced by permission of The Royal Society of Chemistry (RSC).
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of even a small electric field gradient (EFG) will inevitably produce a sizable
quadrupolar interaction that severely broadens the central transition (CT), and therefore,
reduces the sensitivity. The first solid-state 73Ge NMR spectrum was reported in 1999 for
Ge single crystals.3 Since then, there have been very few solid-state

73

Ge NMR spectra

reported in the literature.4-10 In most cases, Ge is in a highly symmetric environment.
In the last decade, the increasing availability of ultrahigh-field magnets together
with the development of sensitivity enhancement techniques, such as quadrupolar CarrPurcell-Meiboom-Gill (QCPMG)11 and related sequences,12-14 have made the observation
of low-γ quadrupolar nuclei more feasible in solids. Indeed, recent work showed that the
73

Ge QCPMG spectra of several polymorphs of GeO 2 can be observed at 21.1 T.15
Performing

73

Ge NMR experiments at very high field reduces the effect of

second-order quadrupolar broadening and increases the Boltzmann population difference
of the CT, leading to an improved sensitivity. Working at the highest possible field also
allows the chemical shift anisotropy (CSA) to be measured more accurately since the
CSA is proportional to the magnetic field strength.
We are undertaking a systematic

73

Ge NMR study of germanium compounds at

ultrahigh magnetic field. In this communication, we report the results of the ultrahigh
field study of two representative germanium containing species: GeCl 2 •dioxane (a
stabilized germylene) and GePh 4 (a prototypical organogermane). This work reveals two
extreme situations: (1) the extremely broad spectrum of Ge(II) complex, which is entirely
dominated by the quadrupolar interaction, leading to the largest

73

Ge quadrupolar

coupling constant (C Q = 44 MHz) ever determined by NMR spectroscopy and (2) for the
first time, a 73Ge CSA of 30 ppm was directly extracted from a very narrow spectrum of
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Ge(IV) compound. First-principles theoretical calculations based on plane wave-pseudo
potential Density Functional Theory (DFT) have also been performed using the
CASTEP16,17 program to predict the 73Ge NMR parameters.

8.2 Experimental Methods
Materials. GeCl 2 •dioxane was synthesized according to literature procedures
from GeCl 4 , 1,4-dioxane and tetramethyldisiloxane.18 GePh 4 was purchased from Alfa
Aesar and used as received without further purification.
Solid-state NMR spectroscopy. Solid-state

73

Ge NMR experiments were

performed on a 900 MHz Bruker Avance II spectrometer at the National Ultrahigh-field
NMR Facility for Solids in Ottawa, Canada, operating at a frequency of 31.4 MHz.
Experimental setup, pulse calibration and referencing were done using 1M GeCl 4
solution (δ iso = 30.9 ppm), acting as a secondary standard to neat GeMe 4 at 0.0 ppm.
For GeCl 2 •dioxane, QCPMG NMR experiments11 were performed for stationary
samples using a single-channel Bruker 7 mm MAS probe without proton decoupling. The
frequency-stepped technique was used since breadth of the CT spectra exceeded the pulse
width excitation profile. The sub-spectra with different frequency offsets were co-added
on the frequency scale (Hertz). The resulting spectrum was then treated and referenced as
a single spectrum.
For GePh 4 , static 73Ge NMR experiments with proton decoupling (about 30 kHz
rf power) were performed on a home-built 7 mm H/X low-gamma NMR probe for
stationary samples with a dual resonator design.19 A quadrupolar-echo pulse sequence
[(π/2)–τ 1 –(π/2)–τ 2 –acq, where τ represents inter-pulse delays, τ 1 = 200 µs and τ 1 = 100
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µs] was used. The relaxation delay used was 5 s, 10k transients were accumulated. 4–5
kHz MAS experiments were also done on a single-channel Bruker 7 mm MAS probe
applying a single-pulse sequence, 256 scans were accumulated with a 5 s relaxation
delay.
NMR spectral simulations. All NMR parameters including C Q , η Q , δ iso , Ω, and κ
were determined by analytical simulations of NMR spectra using the WSOLIDS1
simulation package.20 The experimental error for each measured parameter was
determined by visual comparison of experimental spectra with simulations. The
parameter of concern was varied bidirectionally starting from the best fit value and all
other parameters were kept constant, until noticeable differences between the spectra
were observed.
Theoretical calculations. First-principles (ab initio) calculations based on plane
wave-pseudo potential Density Functional Theory were conducted using CASTEP
(version 4.3) program16,17 setup by the Materials Studio graphical user interface, running
on a single dual core Pentium 2.6 GHz CPU with 4 GB of memory. The NMR module2123

was used to calculate the

73

Ge EFG and CSA tensors. The gauge-including projector

augmented-wave (GIPAW) method which uses pseudo potentials and plane wave basis
sets to describe three-dimensional lattices in crystalline materials was utilized. Unit cell
parameters and atomic coordinates were taken from corresponding crystal structures.24,25
The calculations were performed using ultra soft pseudopotentials generated from the
“on-the-fly” method implemented within the CASTEP. The Generalized Gradient
Approximation (GGA) with Perdew, Burke and Ernzerhof (PBE) functional was used for
all calculations.26,27 A plane-wave cut-off energy of 450 eV (coarse basis set accuracy)
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was applied to GeCl 2 •dioxane, while 350 eV (fine basis set accuracy) was used for
GePh 4 .
The principal components of the EFG tensor (V XX , V YY , V ZZ ) were converted to
quadrupolar coupling constant C Q and asymmetry parameter η Q according to the
following definition: |V ZZ | ≥ |V YY | ≥ |V XX |; C Q (in Hz) = (eV ZZ Q/h) × 9.71736 × 1021 Vm2

; η Q = (V XX - V YY )/V ZZ , where e is the electric charge; Q is the nuclear quadrupole

moment. The C Q value of 73Ge was calculated automatically from CASTEP and adjusted
accordingly using the more accurate quadrupole moment [Q(73Ge) = –0.196 barn].2
The calculated chemical shielding parameters are described using the HerzfeldBerger convention.28 The chemical shielding tensors are described by three principal
components, ordered such that σ 33 ≥ σ 22 ≥ σ 11 . Isotropic chemical shift is the average of
the three chemical shift tensor components [σ iso = (σ 11 + σ 22 + σ 33 )/3]. Span is the
difference between the most and the least shielded component [Ω = σ 33 – σ 11 ]. Skew
describes the shape of the powder pattern and is related to the axial symmetry of the CS
tensor [κ = 3(σ iso – σ 22 )/Ω]. In order to compare the calculated nuclear magnetic shielding
constants with the experimentally measured chemical shifts, the calculated 73Ge absolute
isotropic chemical shielding values were converted to the corresponding relative isotropic
chemical shift values using the calculated chemical shielding values of a reference
compound, GeMe 4 (1494 ppm), via the equation: δ iso = 1494 ppm – σ iso . A plane-wave
cut-off energy of 350 eV (fine basis set accuracy) was used for GeMe 4 . The molecular
structure of GeMe 4 was derived from proton magnetic resonance studies at low
temperature.29 Previously the chemical shielding constant of
calculated by the ab initio molecular orbital method as 1504 ppm.30

73

Ge in GeMe 4 was

247
8.3 Results and Discussion
The 1,4-dioxane complex of germanium dichloride (herein referred to as
GeCl 2 •dioxane) is used as a source of molecular GeCl 2 in the synthesis of numerous
germanium compounds.1 The complex crystallizes in space group C2/c.25 The structure
consists of infinite chains of alternating GeCl 2 and C 4 H 8 O 2 molecules and contains one
unique crystallographic Ge site (Figure 8.1). The true coordination number of the Ge(II)
is four [with two covalent bonds to two Cl (Ge–Cl distance = 2.2813(5) Å and two weak
bonds to two O (Ge–O distance = 2.399(1) Å (typical Ge–O bond length: 1.75–1.85 Å)31)
from two dioxane molecules]. However, there are two other non-bonded Cl atoms around
Ge at a distance of 3.463(1) Å, forming a pseudo-octahedral environment (Figure 8.1b).
The O–Ge–O bond angle is 173.15(6)°, while the Cl–Ge–Cl bond angle is 94.30(2)°.

Figure 8.1. Crystal structure of GeCl 2 •dioxane. (a) The chain structure of GeCl 2 •dioxane. (b) Ge pseudooctahedral environment. (c) View along c-axis.

Our initial attempt to acquire a

73

Ge signal at 9.4 T failed completely. The

acquisition of the 73Ge signal of GeCl 2 •dioxane was very difficult even at 21.1 T due to
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the low sensitivity and the broadness of the powder pattern. Since the CT spectrum was
approximately 650 kHz wide, a total of 23 piecewise frequency-stepped QCPMG subspectra (Figure 8.2) had to be obtained (the acquisition time for each sub-spectrum was
approximately 5 hours).

Figure 8.2. 73Ge static piecewise-frequency stepped QCPMG NMR spectra of GeCl 2 •dioxane at 21.1 T.

The co-added and simulated spectra are shown in Figure 8.3. The observed
spectrum can be reasonably simulated without inclusion of the CSA, suggesting that the
73

Ge spectrum is dominated by the quadrupolar interaction. The C Q of 44(2) MHz

represents the largest value determined by

73

Ge NMR to date. The very large C Q value

originates from the nonspherical electronic environment around the Ge atom. The
asymmetry parameter of the EFG tensor is 0.5(1). The non-axial symmetric EFG tensor is
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consistent with the fact that the site symmetry of Ge is only C 2 . The isotropic chemical
shift (δ iso ) value is 1100(250) ppm. Despite the relatively large uncertainty, the δ iso does
indicate that the 73Ge(II) nuclei in this compound are more deshielded than the Ge(II) in
GeI 2 (–213 ppm)8 and the Ge(IV) nuclei in organogermanes reported in the literature.8-10

Figure 8.3. 73Ge static QCPMG NMR spectra of GeCl 2 •dioxane at 21.1 T.

The CASTEP calculations predicted the following EFG parameters: C Q = 69.0
MHz, η Q = 0.87. Although the magnitude of the calculated parameters varies
significantly from the observed values, the calculations correctly predict a very large C Q
value and a non-asymmetric EFG tensor. Several factors may cause the discrepancy
between the observed and the calculated EFG tensor parameters using the CASTEP
program.32,33 Inaccuracies in the crystal structure data may significantly affect the
calculated parameters. However, even when the geometry of the germylene complex was
optimized computationally, the agreement with the experimental parameters did not
improve (Table 8.1). Dynamic motion in the lattice might account for the discrepancy.
Indeed, the

13

C MAS NMR spectrum of the complex (not shown) consists of only a

single peak, instead of two non-equivalent carbons as indicated by the crystal structure,
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Table 8.1. Calculated 73Ge NMR parameters for GeCl 2 •dioxane using CASTEP.
Compound

GeCl 2 •dioxane

Method

|C Q | (MHz)

ηQ

δ iso (ppm)

Experimental

44(2)

0.5(1)

1100(250)

Calculateda

69.0

0.87

-

b

69.8

0.85

-

c

70.3

0.85

-

Calculated

Calculated
a

Calculations were performed by using the crystal structure data25 without structure optimization.
Calculations were performed with only H and C positions being optimized.
c
Calculations were performed with fully optimized structure.
b

suggesting that possible motions, such as ring wobbling, may partially contribute to a
smaller observed C Q .
Tetraphenylgermane (GePh 4 ) is a representative tetravalent organogermane.
GePh 4 crystallizes in space group P –4 2 1 c.24 The Ge atom is tetrahedrally bonded to
four C atoms. The high molecular symmetry and the Ge site symmetry (S 4 ) result in a
single sharp peak under MAS conditions (Figure 8.4a). The isotropic chemical shift (δ iso )
of -30 ppm is in excellent agreement with the chemical shift recorded in the MAS
spectrum of GePh 4 previously reported by Takeuchi et al.4 In general, the chemical
shielding (CS) tensor contains valuable information on bonding and structure. However,
for quadrupolar nuclei, the CS tensor parameters often cannot be accurately extracted
from the spectrum acquired at low- and moderate-field strength and, in many cases, the
small CSA cannot be directly measured at all because when the large quadrupolar
interaction dominates, the small CSA cannot manifest itself in the spectrum. As
mentioned earlier and shown in several reports,33-35 this problem can be significantly
alleviated by working at very high field due to the fact that the second-order quadrupolar
interaction scales inversely and the CS interaction is proportional to the field strength.
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Figure 8.4. 73Ge MAS (a) and static echo (b) NMR spectra of GePh 4 at 21.1 T. The simulated spectrum is
shown in (c). (d) shows the direction of the unique CS tensor component.

Figure 8.4b shows proton-decoupled

73

Ge static echo spectrum of GePh 4

observed at 21.1 T. The spectrum exhibits a typical axially-symmetric CSA powder
pattern, indicating the CSA significantly affects the appearance of the spectrum. The
spectral simulation (Figure 8.4c) produces a span (Ω) of 30(3) ppm. The skew (κ = –1)
indicates that the 73Ge CS tensor is axially symmetric, which is consistent with the S 4 site
symmetry at Ge. The high local symmetry yields a very small C Q with an estimated
upper limit of 0.3 MHz (η Q = 0). Although C Q is very small, it is not zero. The existence
of a small quadrupolar interaction is clearly indicated by the spinning-side bands due to
satellite transitions (STs) in the MAS spectrum (Figure 8.5a). The full static spectrum
together with the simulated one including STs (Figure 8.5b,c) also shows the broad
signals of STs. The combination of the very small quadrupolar interaction and working at
ultrahigh field results in the first direct observation of

73

Ge CSA. The negative sign of

skew indicates that the δ 11 is the unique CS tensor component.
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Figure 8.5. (a) 73Ge MAS NMR spectrum of GePh 4 at 21.1 T. (b) Simulated 73Ge static NMR spectrum of
GePh 4 . (c)

73

Ge static echo NMR spectrum of GePh 4 at 21.1 T showing satellite transitions (STs).

Asterisks (*) denote spinning sidebands.

Table 8.2. Calculated 73Ge NMR parameters for GePh 4 using CASTEP.
Compound

GePh 4

a

Method

|C Q | (MHz)

ηQ

δ iso (ppm) Ω (ppm)

κ

Experimental

< 0.30

0

–30(2)

30(3)

–1

Calculateda

1.65

0

–8

30

–1

Calculatedb

0.15

0

–30

29

–1

Calculatedc

0.15

0

–30

29

–1

24

Calculations were performed by using the crystal structure without structure optimization.
Calculations were performed with only H and C positions being optimized.
c
Calculations were performed with fully optimized structure.
b

To obtain the CS tensor direction, CASTEP calculations were performed (Table
8.2). The initial calculations using the published crystal structure metrics24 predicted the
following spectral parameters: δ iso = –8 ppm, Ω = 30 ppm, κ = –1, C Q = 1.65 MHz, η Q =
0. After structure optimization, the predicted parameters (δ iso = –30 ppm, Ω = 29 ppm, κ
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= –1, C Q = 0.15 MHz, η Q = 0) are in better agreement with the experimentally
determined parameters. The most shielded (unique) component of the CS tensor, δ 11 , is
oriented along the direction bisecting the C–Ge–C’ angle (along the 2-fold axis at Ge and
with a C–Ge–δ 11 angle = 54.59°) (Figure 8.4d).

8.4 Conclusion
In summary, this work demonstrates that natural abundance solid-state 73Ge wideline NMR spectra of germanium compounds where the Ge experiences an extremely
large quadrupolar interaction can be obtained. Also, at ultrahigh magnetic field and under
favourable circumstances, the very small

73

Ge CSA can be directly measured. These

results reveal the possibility for the direct examination of 73Ge spectra and the correlation
of

73

Ge NMR parameters with bonding and local structure around Ge center in

organogermanes and germylenes with a wide range of substituents.
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Chapter 9 Summary and Future Work

9.1 Summary
Characterization of inorganic materials is crucial because understanding the
relationship between their structures and properties is important for improving current
performance and developing novel materials. In this thesis, the local environments of
metal centers possessing low intrinsic receptivities in several representatives layered and
microporous inorganic materials were characterized by solid-state NMR spectroscopy in
combination with other techniques such as powder XRD, theoretical calculations and
computational simulation/modeling. We have demonstrated that (i) acquiring the spectra
of these unreceptive quadrupolar nuclei is feasible at high magnetic field of 21.1 T in
tandem with a sensitivity-enhancement pulse sequence such as QCPMG; (ii) the
sensitivity of quadrupolar coupling constant values towards the local environments
around the metal centers can be utilized as a direct probe to characterize other layered
and microporous materials whose structures are not known or poorly described; and (iii)
theoretical calculations using CASTEP and Gaussian programs are very useful in
assisting us in spectral interpretation.
In Chapter 2, the results of 67Zn SSNMR from several important ZIFs with welldefined structures (ZIF-8, ZIF-14, ZIF-4 and ZIF-7) were used as a benchmark to gain
structural information regarding the desolvation process in MOF-5. Upon complete
desolvation, we proposed that the O–C–O angles of carboxylate ligand of two opposing
BDC groups change by 11 degrees, thus increasing the Zn–O BDC distance by 0.11 Å.
Broadening of

67

Zn NMR spectra in MOF-5 upon desolvation resembles similar effects
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observed in

27

Al NMR spectra of dehydrated zeolites, indicating a possible common

origin of the broadening in two related families of porous materials. Furthermore, since
most applications of zeolites and other porous materials involve the incorporation of
guest species into the host framework, hence developing SSNMR as a method for
investigations of host-guest interactions in MOF-based materials is very important. We
have shown that 67Zn SSNMR can be used to study the host-guest interactions in ZIF-8
loaded with different guest molecules. The uneven distribution of the water molecules in
ZIF-8 loaded with water system negates the symmetry of the framework, resulting in a
slight distribution of Zn environments. In the ZIF-8 loaded with benzene, however, the
guest molecules are more evenly distributed, resulting in an averaging of the EFG
interactions and therefore, a narrow line-shape was observed.
Chapter 3 demonstrates that the observation of solid-state

67

Zn wide-line NMR

spectra of microporous zinc phosphites (ZnHPO 3 -CJ1, NTHU-5, ZnHPO 3 -CN 3 H 6 ,
ZnHPO 3 -PIP and ZnHPO 3 -DMPIP) and zinc phosphate (ZnPO-Li-ABW) at natural
abundance is feasible at very high magnetic fields. The Gaussian calculation results of a
model cluster bearing the general properties of zinc phosphites indicate that the geometric
parameters around Zn centres such as Zn–O bond length, O–Zn–O and P–O–Zn angles
all contribute to the C Q , but the Zn–O bond length is the most dominant factor.
In Chapter 4, the local structures of the framework O sites in pure trigonal SAPO34 were characterized through various 17O SSNMR techniques. By using a combination
of

17

O MAS and 3QMAS experiments, chemically and crystallographically non-

equivalent O sites can be observed individually.

17

O{27Al} TRAPDOR and

17

O{31P}

REDOR experiments were carried out to further verify the assignments by selecting
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possible

17

O–Al and

17

O–P connectivities. The involvement of water vapor during the

formation of pure trigonal SAPO-34 molecular sieve in DGC synthesis was also
investigated by monitoring the 17O incorporation at various stages of crystallization. The
initial dry-gel was amorphous in nature, and then became a layered AlPO 4 phase during
the first hour of heating. The

17

O-enriched water vapor reacted with the alumina first,

then it started penetrating into the solids and replacing the water molecules that were
initially absorbed. The crystalline layered phase transformed into a semi-crystalline phase
upon four hours of heating. A significant number of O atoms in P–O–H groups of the
layered materials have exchanged with the 17O atoms from water vapor. The

17

O atoms

have also started to be incorporated into the Al–O–P linkage. Finally, the initial dry-gel
transformed into the SAPO-34 framework structure after 2 days of crystallization time.
The

17

O atoms from

17

O-enriched water got incorporated into all four unique

crystallographic Al–O–P sites as well as Al–O–Si and Si–O–Si linkages in the trigonal
SAPO-34.
Chapter 5 is a study of representative ion-exchanged/intercalated derivatives (K+, Li+-, Co(NH 3 ) 6 3+-) of α-ZrP and several novel layered and 3D framework zirconium
phosphates (ZrPO 4 -DES8, ZrPO 4 -DES1, ZrPO 4 -DES2, ZrPOF-pyr, ZrPOF-Q1, ZrPOFEA and ZrPOF-DEA) by

91

Zr SSNMR. The empirical correlations between NMR

parameters and various structural parameters were used for obtaining partial structural
information in Li-ZrP and Co-ZrP, whose structures are not known. Theoretical
calculations using CASTEP and Gaussian model clusters approach were utilized to assist
in assigning multiple chemically and crystallographically non-equivalent Zr sites in the
case of ZrPOF-pyr, ZrPOF-Q1, ZrPOF-EA and ZrPOF-DEA.
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In Chapter 6,

33

S SSNMR and quantum chemical investigations of several

representative layered transition metal disulfides (MS 2 : M = Mo, W, Zr, Ti and Ta) were
reported. For this series of closely related materials, there is a wide range distribution of
33

S C Q (from 0.5 to ca. 10 MHz) and CSA (from 0 to 250 ppm). The observed

differences in the

33

S C Q values among these disulfides may be rationalized by

considering the difference in their geometrical arrangements. For the MS 2 with 2Hpolytypic form, there are four S atoms surrounding the center S atom that can be viewed
as being a distorted SS 4 tetrahedron unit. In contrast, there are six S atoms (three within
the same layer and three in the adjacent layer), forming a distorted SS 6 trigonal prism in
the 1T-MS 2 polytypic form. The degree of distortion of these SS 4 and SS 6 units in the
2H- and 1T- polytypic forms, respectively, follows the same order as the observed 33S C Q
values (i.e., the larger distortion, the larger the C Q value).
The work in Chapter 7 demonstrates one of the examples of using SSNMR and
theoretical calculations to gain some structural information in materials with unknown or
poorly described structures. In particular,

135/137

Ba SSNMR and quantum chemical

calculations were utilized in order to shed some lights on the long-standing controversy
in the literature regarding the true space group of β-BBO, one of the most well-known
nonlinear optical (NLO) materials in the UV-Vis regions. The results of experimental and
theoretical studies clearly indicate that the true crystal structure of β-BBO is R3c space
group rather than R3.
Finally,

73

Ge SSNMR spectra of germanium dichloride complexed with 1,4-

dioxane (GeCl 2 •dioxane) and tetraphenylgermane (GePh 4 ) were acquired for the first
time despite the very low resonance frequency of

73

Ge in Chapter 8. This work reveals
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two extreme situations: (i) the extremely broad spectrum of GeCl 2 •dioxane, which is
entirely dominated by the quadrupolar interaction, leading to the largest 73Ge quadrupolar
coupling constant (C Q = 44 MHz) ever determined by NMR spectroscopy to date and (2)
the first direct observation of 73Ge chemical shift anisotropy of 30 ppm in a very narrow
spectrum of GePh 4 .

9.2 Suggestions for Future Work
1. It is hoped that the work in Chapter 2 will encourage other solid-state NMR
studies of the metal center with low intrinsic receptivities (such as
47/49

Ti,

67

Zn,

25

Mg,

39

K,

87

Sr and 91Zr) in other MOF systems. Although the results reported

here are for ZIF-8, -4, -14, -7 and MOF-5, but the methods and procedures used in
this thesis can readily be extended to other systems.
2. In Chapter 4, only trigonal SAPO-34 and its intermediates formed under DGC
conditions were studied by 17O SSNMR. Many other important zeolites, AlPO 4 and SAPO-based molecular sieves should be examined by 17O NMR as well.
3. The results in Chapter 8 reveal the possibility for the direct examination of 73Ge
NMR spectra (despite its extremely low Larmor frequency). In the future,
organogermanes and germylenes with a wide range of substituents should be
systematically studied by

73

Ge SSNMR to establish the correlation of the NMR

parameters with bonding and local structure around Ge center.
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